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ABSTRACT
Inductively coupled plasma mass spectrometry (iCP-MS), a comparatively new 
multi-element analytical technique was employed for elemental determination in human hair, 
placenta and brain samples. The performance criteria of ICP-MS such as precision, accuracy 
and detection limits were assessed. For most elements sub ng ml’ limits of detection were 
achieved.
Amino acid analysis of human foetal brain extracts was performed using reverse phase 
high performance liquid chromatography. Prior to separation, samples were derivatised using 
o-phthaldialdehyde derivatising reagent. Precision and limits of detection were assessed. For 
most amino acids detection limits of sub nmoles ml ’ were achieved.
Hair is commonly used as a diagnostic and monitoring tool to observe the effects of 
mineral supplementation on an individuals bodily status, especially prior and after pregnancy. 
Some of the factors influencing the eiementai content of hair were investigated. Analysing scalp 
hair of thirteen female individuals showed that longitudinal variations exist in eiementai 
composition of human scalp hair. Radial and longitudinal diffusion of Co, Zn and Cd were 
investigated in scalp hair, using tresses of "virgin" hair. Both radial and longitudinal diffusions 
occurred for ail three elements. Analysis of scalp hair of thirty-seven females and twenty male 
subjects from United Kingdom showed that there were significant differences in concentrations of 
Mg, K, Ca, Mn and Fe between males and females. Effects of six months mineral 
supplementation (18.6 mg Mg, 31.0 mg Ca, 1.2 mg Cr, 4.0 mg Mn and 7.5 mg Zn daily) on 
elemental content of hair was investigated In six female subjects and no significant changes were 
observed in the levels of supplemented elements (Mg, Ca, Cr, Mn and Zn).
For elemental analysis of placenta, the Importance of defining the location of the 
sampling site was demonstrated by Investigating levels of Mg, Ca, Mn, Fe, Cu, Zn and Pb In 
different regions of a placental disc. Significant variations were found In the eiementai content of 
the various regions. The peripheral region of the placental discs from fifty black females from
XIII
Soweto, South Africa, were analysed for their eiementai content in relation to birthweight and 
gestationai age of their neonates. Concentrations of Mg, Ai, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
As, Sr, Mo, Cd and Pb were determined. Positive correlation was found for Mg, K, Fe, Cu and 
As with both medicai parameters and Zn with gestationai age. Lower concentrations of Mg 
(P < 0.10), Cu (P < 0.05), Zn (P < 0.10) and As (P < 0.001) were found in low birthweight cases 
compared to high birthweight groups. Comparison with an English population showed that 
significant differences existed in the placental elemental levels of the two communities. The 
contributing factors are fully discussed.
Analysis of Mg, P, Ca, Fe, Cu, Zn, Rb, Sr, Mo and Pb in foetal brain tissues of eleven 
stillbirths and ten sociaiiy terminated neonates showed that stillbirth brains contained significantly 
(P < 0.001) higher leveis of Pb compared to the controis. Analysis of four different regions of the 
brains; hippocampus, cerebrum, cerebeilum and basai gangiia, aiso showed higher concentrations 
of Pb in ali the four regions in comparison with the controls. Most elements showed significant 
differences in their regionai concentrations within each study group and the patterns were 
different in stillbirths compared to the sociai terminations. However, concentration of Zn was 
predominantiy higher in hippocampus compared to the other regions, in both study groups.
The concentrations of fifteen amino acids were measured in the same foetal brain 
sampies used for elemental analysis. Stiilbirth brain tissues had lower levels of alanine 
(P < 0.05), phenyiaianine (P < 0.05) and isoieucine (P < 0.05) compared to social terminations. 
Regional brain analysis of amino acids revealed higher concentrations of giutamic acid, aspartic 
acid and serine in the hippocampal region. The significance of these results and any relationship 
found between the amino acid and elemental content of the analysed foetal brain samples are 
discussed In detail.
Overall this work demonstrates and supports the importance of an adequate balance of 
elements and amino acids for a successful outcome of pregnancy.
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CHAPTER 1
INTRODUCTION
1.1 Elements
1.1.1 Biological Health Implications of Elements
Traditionally elements have been categorised into so-called major or trace elements. 
These terms are still retained in the literature as they provide a way of ciassification. The term 
"trace" is denoted to a group of eiements whose bodily concentrations and requirements are very 
iow, although present day techniques can quantify them with varying degrees of accuracy and 
precision. Furthermore eiements are categorised into essentiai, non-essentiai and toxic. This 
classification is also of limited value as ail elements can be toxic in high concentrations giving 
rise to variations in physiologicai processes, abnormai growth, diseases and death. Nevertheless 
to be considered essentiai, an element must meet few criteria. The ones postulated by Bowen
[1] are as follows;
1. The organism can neither grow nor complete its life cycle if the element is supplied at a
sufficiently low concentration.
2. The element cannot be wholly replaced by any other element. However in a few cases
some elements may be interchangeable in respect of their essentiality. This is due to 
the fact that a number of enzymes can be activated by several metals.
3. The element has a direct influence on the organism and is involved in its metabolism.
Cotzias [2] on the other hand defines essentiality as follows;
1. The element is present in all healthy tissues of ail living things.
2. Its concentration from one animal to the next is fairly constant.
3. its withdrawal from the body Induces reproducibly the same physiologicai and structural 
abnormalities regardless of the species studied.
4. Its addition either reverses or prevents those abnormalities.
5. The abnormalities induced by deficiency are always accompanied by pertinent, specific 
biochemical changes.
6. These biochemical changes can be prevented or cured when the deficiency is prevented
or cured.
Of the naturally occuring eiements, twenty-six appear to be essential to life [3,4,5]. Six 
of these elements; C, H, O, N, P and S form the main bulk of an organism and hence are called 
major or bulk elements. Sodium, K, Ca, Mg and Ci also serve as major constituents of tissues 
and body fluids. The following fifteen eiements; As, Cr, Co, Cu, F, Fe, I, Mn, Mo, Ni, Se, Si, Sn, 
V and Zn are considered as essential trace elements In animals and many of these are also 
found to be essential in man.
Among toxic elements, heavy metals; Cd, Pb and Hg are especially important in human 
health, as the recent increase in industrial and man-made activities has caused their gradual 
redistribution and contamination of the environment and food supply [6]. Other trace eiements 
such as Al, Sb, Ba, Be, B, Br, Ge, Li, Rb, Ag, Sr, Ti and Zr have no conclusive evidence for 
their essentiality or toxicity. For instance there are controversial reports on the toxic role of Al in 
Abzheimer Disease [7,8] and essentiality of B In Rheumatoid Arthritis [9].
In the last two decades considerable scientific work has been done on the biological 
significance of trace metals and in explaining the ways in which they function in cells and tissues 
of the body. Their importance and biochemical roles have been recognised and understood by 
the more recent development of sensitive and readily available instruments of analysis [5,10,11]. 
The basic defects in their functions have been related to the clinical and pathological 
manifestations of deficiency in animals.
As mentioned by Underwood [5,12] trace elements primarily act as catalysts in the cells 
in a wide range of enzyme systems. Their roles range from weak ionic effects to highly specific 
associations with proteins known as metalioenzymes. In the metalloenzymes the metal is firmly 
attached to the protein through ionic interactions or co-ordination bonding and it usually cannot be 
removed without loss of enzyme activity.
Some of the important functions, deficiency and toxicity symptoms observed in animals 
and man, for a selected number of elements is reviewed in Table 1.1.1.
Trace elements, Cd, Pb and Hg serve no biological function, their presence in tissues is 
due to the contact of the organisms with the environment. Cd is present in food products such 
as fish, certain grains like wheat and oats, and many dairy products. Cigarette tobacco contains 
considerable amount of Cd [27]. Menden et al [28] have found that thirty-eight to fifty percent of 
the Cd in the smoked portion of cigarettes is released Into the side stream which may affect both 
the smoker and anyone breathing the air nearby. The smoker inhales 2 pg of Cd per pack and 
would put about 8.6 to 12.8 pg of Cd into the environment in the side stream. The major 
sources of environmental Pb are the combustion of tetramethyl and tetraethyl lead enriched 
petrol, effluents from mines, smelters and foundries and products such as paint, batteries and 
newsprint [6]. Food is also a source of Pb which is contaminated by soil, industrial pollution, 
agricultural technology and food processing [23]. Lead occurs naturally as an ore called galena 
or lead sulphide (PbS) and the free Pb is soft and therefore used widely in industry. On burning, 
Pb produces PbO (plumbous oxide) and PbOg (plumbic oxide) [23]. Pb Is also used in pipes, 
lead solders and batteries. Food is a major source of Hg. It enters the human food chain as 
methylmercury, which is present In fish, due to industrial dumping of Hg in water, or natural 
deposits of Hg [6]. Other sources of mercury include amalgams and geothermal Hg.
The toxicity of heavy metals is not only due to direct cellular inhibitory action of these 
metals themselves but is aiso due to their Interactions with the metabolism of essential elements 
such as Zn, Cu and Fe [3,12,23,29,30,31,32].
interactions not only occur between toxic and essential elements, they also take place 
between essential and other essential elements. It has been hypothesised [33] that elements 
who have similar physical and chemical properties act antagonistically to each other biologically. 
They compete for the same transport and storage sites in the cell, and displace each other from 
reactive enzymatic and receptor proteins such as the interactions seen between Cu and Zn, 
Pb/Cd and Zn. A list of such interactions is presented in Table 1.1.2.
I
LU
0)
E
Zi
w
(0
IsI!
S
I
I
iIŒ
î
LO
l l î
f f l
^ I Mkï%<
uII(U C0HQ> oî
*5 2
I I
.S'
5 S w
to ® 
o  m 5)
«
Ëf
O
2- S
W.ÎÛ _
ë | s ^  
■§S'-5 IW i nil
to
i lil
t i
o -cs ^
II
to
ü
i l
l î
S I
E  00 
.sa î3
II
îI
co
pcI
10
•51Ico
sii111Iil
1I1I
!i5 -0
IIUiI
0 . Il2  O)
<  o
ill
î p iil!1 ® o  m
1g
la!iIIîï
1 1
<
to ü
% "5 3
o  ÎS 2  JS2 to 0>
m i
o f iIIücoIIil
ü X3ü
lit
ü
c  %== S  iS g?i m
' S s o
ü
1
2î
Œ.
CD co
!i
fo  .9  o "8)II
0)
E  Qp
!il
i l
i l
S ^ s
p
üü  «
33
g -ila#l |
il? 0) 0. 0) (O o  (0111
in  c\j:-s
g
os
to•g
(O
%g , to ra
g) I  ro
l i ï i l ip;ii
to o
ï i !
8  8 .2  
5 E ci l l
?lit 8) o  o8 | - S  ■t -  O  ,o lO
co
I
Ii
I1il
.2 75II
.c  g) ^ < 0Wl
W .| 0)II#ll 0) T3(0 U P"S•o  to
#1 K
i c11 
O ) Q .
l ' s
1 1
i ito2 âî
11IS.i
a  ™ 
1 1
i |
■a SII
1
O
ëto ILU
lâk
l l l l } l î iil
9  £  to
3ü iS? I
to to
to  Q)
IItr Oi o  _  WCM LO in R!lO CO
I
iI
CO D . 
•DII
Ü 2.
<uI- = 
If II
S ^ t g »
£  S ■“ ^IISisë
% "O) w
0)II
3c I
l ï:3P
s f
11 
• -  .S3'g
il
■s g■D gg (D -Ql l
w .I l11
S 'S
i l
XZ k_.g>'sj= gH
Sg
mîi If
I I
o E E
l i i
I I I
llII
S isilss
i
i f i1:1
!î!Hi
21
il
liIIT ) 05
L
i | iII
1 » -2 Il | |  
l i ff i l
i1.= IlIIIIfil
Â(0 T3
, i . s
iëIfIIilHO.EIIo  o
h■g (0l l i
05 05
I .II11Sô
i îsi
•a053
C
ü
I ILU
(0 O
CO "O
Q . (D
2  C  05«  E!S
(5 2  cQ c
S l I I -■52 2
E
o  05îll
>= ”  05•‘ i lI f l l
‘5 2 ® ™li
• s i f i  
g  2  y  2<  to CO (0
05li
■g%
0  2
1
to aII
ll
sII
(0 g ±: <^ ü
l i § <i t â i
. 3 € Ü J
i ’I i sS t i i
05
I£Icc si lO ./Cuf w si
O) ro
H ci i i
I
l l - l
I l flli
I
1!2 0
II"5 K0#II
S'S
1
| l
l |
11il
l i|IS « .
CO Ô  E 
o C.EE c
CO-2
111
£2 C3)tr
0> Vi
Q .C — K
i l  5 :^
f i l lË
IQ
| i '
P
c lto Q4i |t i
I sl l
(U2
toI , 1-1II
11Si
0)
J|1P .■5“1iii
E S. Id . E
11 
•O WifS|Ifo>!i?II
wiff.
i i l if "0 3  _
• s 2 - i è -0) (0 (0 0)
CO .E  Q .
I
Ü
2I
EIm g
-e11
II
I
•8 -
qI w
*5 2  2 .2i i
E 8  o
. « « f i l l
i!IIllIlf
.2 Î8 to
Q- 2 2
S2.SÏÇ
CO
• E g : 2 tIIH
N
w  O ) p
COCO.E
ooc:
£(U CO
E CMoc
CO U) LO CO LO CM LO
I
1CO
II
I
w
II
cm’
2I
Iii«•iII
II
o ® (/) >•-< 
Q.E 
^ ' cIfIIli
II1Îli
“ gs:
I
°  sCO S
l i .  Ill
0 )
i l f«1-Hi
Îc
li
5  .CD
1
ll2  p.I t
Ü  ro 
n 1
I
ÜI
ÜIi
o
2I
c
I
1
£I
ci
1
ÜI'
X »I
05I
I
■%
I1
■ f
ro
£
CO1
Ü1
2
I
III
i£ .s
.2-5
£2i
lid> CD
ÎI
£ * o
0
-Q11
2II
ÜI
Ü
€I
Ü!
1I
E
CO
cII 
. 2
1
ë  gII
^ 2
s .iif
ftif
s
Q) 4=
2 T3CL O
C CN N N O ®
g
I ÜS 0)5
CD
e
o
Ü
i f
Ü
Ü
N
II
g1
Ü
CM
«
II
ILU
§
1
l i
2  UJ 0)5k cîiflII
iicc §  
£
i ' i
o "5 Î
II
III5ii2  3)T5C/5
• | 1 8  III
Ml
o
lO
EII
IÎs
gIy
O)
I
a-Ip
II
i|II
> ü
Ü
>
LO
I8
ÎII
I%
s .
cI8E
o
Is
1III
iiIf
-g ros§
if
1Ï
CM
CO
S
LO
1
( fi
EI
I
■ci
X1
■ ?
Üs
w
Ü Ü <  < x
10
1.1.2 The Elements and Pregnancy
In healthy individuals level of trace elements in body fluids and tissues such as serum, 
plasma and hair undergo slight fluctuations due to metabolic changes during pregnancy. 
Therefore prior to declaration of any deficiency or toxicity of a trace element these fluctuations 
should be taken into account. It has been suggested that if for example plasma Zn levels are to 
be used as an index of nutritional status during pregnancy, different reference standards are 
required for each month of gestation [34].
The serum level of Zn In healthy women is about 1.0 pg mP [35]. During pregnancy 
this level decreases gradually and by the end of pregnancy levels of 0.6 pg mV ha,5 been 
reported [35,36,37]. This phenomenon is thought to be related to physiological or hormonal 
factors, rather than nutritional effects [29]. From as early as first trimester, there is a gradual 
increase in the total blood volume, plasma volume and the red cell mass [38]. The decrease in 
serum Zn level has been detected as early as six weeks of pregnancy or between twenty-one 
and forty days after ovulation and is associated with increase in Zn uptake by the foetus and the 
placenta, increased transfer of plasma Zn to maternal erythrocytes, and expanded plasma volume
[39.40]. Decrease in plasma Zn levels have also been reported and related to differences in 
hormone concentrations, plasma volume and carrier protein concentrations of the individuals
[34.41]. Zinc levels In hair have likewise been reported to decrease during pregnancy [39,40].
A rise in serum Cu levels during pregnancy have been reported frequently [35]. For 
example, in a study of thirty-one women, serum Cu level has been observed to increase from the 
third month to an average of 2.7 pg ml \  compared to non-pregnant levels of 1.2 pg ml  ^ [5], the 
levels returned to normal In the first few weeks of postpartum. Elevated plasma Cu levels have 
likewise been well documented [5,41]. Plasma Cu Is ninety to ninety-five percent bound to 
ceruloplasmin which also increases during pregnancy. This rise is attributed to increased foetal 
demands. The liver of the newborn contains ten times the amount of Cu as an adult liver [5]. 
There have been suggestions that rise In Cu is related to the hormonal changes that occur during 
pregnancy. The same effect is found in women taking oral contraceptives and this may be due
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to the effect of the increased oestrogens on the synthesis of ceruloplasmin [41]. Unlike the 
plasma copper, it has been reported that red blood cell Cu levels undergo very little variation.
Plasma Fe has shown a significant decrease [42] and the decline In Ca levels (although 
not a trace element) during pregnancy has been attributed to the fall in the albumin-bound 
fraction of calcium. Maternal plasma Ca concentration declines progressively to a minimum at 
thirty-two to thirty-six weeks gestation and then rises thereafter, by about 1 to 2 pg ml  ^ to term 
(forty weeks gestation) [43].
Elements in Relation to the Outcome of Pregnancy
Progress and outcome of human pregnancy is attributed to interaction of many factors 
(Figure 1.1.1) which have been studied for many years [44].
Figure 1.1.1: Examples of Factors Which are Known to Impact Upon the Course 
and/or Outcome of Preanancv 1441
Immediate Care of the 
Baby After Birth
Delivery Circumstances
Age of Mother
Number of Babies 
Developed 
Simultaneously 
In Vitro
Others Inherited
Characters
Pregnancy Course 
and Outcome ^
Exposure to Harmful 
Chemicals, Including 
Drugs
Trauma or Illness 
During Pregnancy
Infection During 
Pregnancy
Smoking and Drinking 
Excessively During 
Pregnancy
Nutrition During 
Pregnancy (and before)
Involvement of the elements in some of these factors such as; nutrition during and 
before pregnancy, smoking and drinking excessively during pregnancy, exposure to harmful 
chemicals including drugs, trauma or illness during pregnancy and genetic factors have been 
suspected for many years. Trace element Imbalances have been reported to affect significantly 
the development in the rapidly growth foetus and neonate [45].
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Elemental Deficiency
Trace metal deficiencies can be brought about by (a) inadequate intake, (b) genetic 
factors which may create a higher than normal requirement, for example people with the genetic 
disorder of acrodermatits enteropathica require supplementary Zn, (c) drugs such as penicillamine 
and triethylene tetramine have shown to cause teratogenic effects which have been alleviated by 
Cu supplementation, (d) nutritional Interactions, such as phytate and fibre which act as agents in 
leading to conditional deficiency of trace metals, and finally (e) Interaction of one trace metal with 
another [11]. The deficiencies caused by some of these factors and their effect on the outcome 
of pregnancy are explained more clearly by taking cases of a selected number of elements In the 
paragraphs to come.
Several papers have been published on the harmful effects of an inadequate Zn 
nutriture on human pregnancy, ie the damages that dietary Zn deficiency may have on the 
development and growth of the embryo and the foetus and hence the course and outcome of 
pregnancy [46,47]. For example, a severe restriction of dietary Zn during embryogenesis in rats 
causes severe congenital malformations and foetal death [48,49,50,51]. Marginal Zn deprivation 
induced at conception produces growth retardation, central nervous and skeletal anomalies, 
delivery complications. Impaired immune function, decreased foetal brain weight and behaviour 
abnormalities in the offspring [34,46,48,49,51]. Stillbirths, spontaneous abortion, neonatal death 
and delivery complications have been reported In marginal Zn deficient rats [48]. Decreased 
concentration of hair Zn and impaired hair growth at extreme Zn deficiency is also documented in 
two species of primates, the bonnet and the rhesus monkeys [49]. A longitudinal and 
cross-sectional study from Sweden reported that women who delivered before or after normal 
term (forty weeks) had lower serum Zn concentrations during early pregnancy compared to 
women with normal deliveries [52].
Zinc Is present in several metalloenzymes including DNA and RNA polymerase and 
thymidine kinase [5,45]. It Is required for both DNA and RNA synthesis. Studies showed that Zn 
deficiency in animals impairs the Incorporation of labelled thymidine into DNA [53]. Thymidine
13
kinase which Is vital to DNA synthesis is reduced in activity in the tissues of Zn deficient animals 
and this reduction occurs before any other event in the cycle of cell division is affected [12]. This 
probably accounts for the early and marked effect that a deficiency of Zn has on growth and 
development. Impaired activity of thymidine kinase has also been Invoked to explain the 
malformations that occur in the offspring of rats rendered Zn-deficient during pregnancy. Maternal 
Zn deficiency reduces DNA synthesis in the brain and cental nervous system of the embryos 
more than it does in the rest of the body [45,54]. These observations provide an explanation for 
the deformities and malformations that arise in Zn-deficient embryos, and illustrate how Zn is 
fundamentally involved in cell growth and morphogenesis. Zn is likewise important for its function 
against bacterial activity of the amniotic fluid. It is thought that Zn due to its similar ionic radius 
and charge interferes In the Mg dependent biosynthesis steps of the metabolism of the bacteria 
[55]. It Is also reported that the antibacterial activity of 13 lysin in human amniotic fluid is directly 
related to its Zn binding ratio, therefore low amniotic fluid Zn levels are linked with an increased 
recurrence of Intrauterine infection [47].
Copper enters the embryo from the earliest moments of gestation. At term about half of 
the Cu in the body Is present In the liver where it is bound to metallothionein and after birth it is 
used for growth [56]. Biochemical signs of Cu deficiency In prenatal, as in postnatal life may 
Include low levels of Cu in liver, brain or blood and low activities of Cu enzymes. Characteristic 
effects of prenatal Cu deficiency are; foetal death, early neonatal death, neurological 
abnormalities, cardiovascular lesions, abnormal lung development, skin and hair abnormalities, 
skeletal abnormalities, low Cu content of tissues and low activity of Cu metalloenzymes. The 
most crucial evidence for these deficiencies Is the prevention of these characteristics by Cu 
supplementation during pregnancy [57],
Manganese is essential for behaviourial development and its absence or diminution 
elicits adaptive changes in the mother during her pregnancy, in particular a lengthening of 
gestation which may not be totally successful [58]. Considerable ewdence exists to suggest that 
Inadequate maternal Mn metabolism In rats results In Infants that are defective in their responses 
to gravity and to motion, demonstrate ataxia and inability to maintain body posture in water [58].
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Disturbed ossification of the otic capsule, malfunction of the semi-circular canals and skeletal 
abnormalities are responsible for this ataxia. Mn deficiency is also reported to be associated with 
impaired growth and depressed reproductive function [54,56].
Drug interactions with trace elements can significantly influence the foetal outcome. For 
example the specific teratogenic effect of acetazolamide has been shown to vary according to the 
Zn concentration of the diet. A severely Zn deficient diet caused malformations in one hundred 
percent of the foetuses in mice, while with the control diet, only thirteen percent were malformed 
[51]. Another example is D-penicillamine whose administration during pregnancy has shown to 
place the pregnant woman and her foetus at risk of Cu deficiency and large amounts of the drug 
in rats has caused embryonic and foetal death [43,54]. Other drugs with chelating abilities such 
as EDTA, diazepam, tetracyclines, diadohydroxyquin, diphenylhydanthoin, ethambutol and 
isoniazid have also shown to affect trace metal metabolism and Zn balance [59].
Multifactorial interactions have also been demonstrated between trace elements, drugs 
and genetic factors. For example, it has been shown that the teratogenic effects and the 
frequency of malformation was influenced by the multifactorial Interaction of the amount of 
salicylate drug, different levels of dietary Zn and the type of strain of rat used [50,56].
Elemental interactions with one another can also occur during pregnancy especially if 
supplements are used, which may cause teratogenesis. It has been demonstrated that pregnant 
rats fed excess Zn in the diet had litters with variable degrees of resorption and foetal growth 
retardation, and foetal Fe and Cu levels were lower concomitantly with higher tissue levels of 
foetal Zn [60]. Reported experiments by Hurley et al [61] also show that the teratogenic effects 
of Zn deficiency were alleviated by feeding a diet deficient in both Zn and Ca during pregnancy. 
Their data suggested that Ca and Zn were released from bone tissue when the rats were fed 
diets deficient in both elements and the Zn released from bone was transferred rapidly through 
the placenta to the foetus.
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A small study has reported an apparent correlation between the plasma Zn 
concentrations of alcoholic mothers at delivery and the number of birth defects in their babies 
[62]. Studies of experimental animals have shown that even a brief exposure to oral alcohol 
inhibits placenta intake and transfer in vivo to the foetus of radio-labelled Zn by about forty 
percent and thirty percent respectively; this abnormality Is not overcome by Zn supplementation 
[40].
Toxic Elements
The foetus is exposed to toxic trace metals from the external environment by one 
primary route - the maternal blood stream. A series of events leads to this exposure, 
(a) maternal exposure and subsequent absorption, (b) behaviour in the maternal blood stream. 
Including interaction with the capillary beds responsible for supplying the uterus and placenta with 
maternal blood, (c) movement across the placenta, and (d) deposition or other interactions with 
the products of conception [63].
Animal studies have shown that Cd causes foetal death and the extent depends on the 
animal strain, day of cadmium administration and the dose administered. Reports have also 
shown that foetuses exposed prenatally to Cd have demonstrated a weight reduction [31,64]. 
Although Cd is transferred from maternal blood to the foetus via the placenta, only a small 
fraction of the maternal body burden finds Its wa^ to the foetus. A striking build up of Cd In the
placenta occurs during gestation, and the transfer appears to be restricted. Cadmium is rapidly
bound to maternal liver, kidney and placenta and this plays a role in the restricted movement of 
Cd to the foetus during gestation [63,65].
Chronic oral toxicity of Cd in rats has shown to produce a significant reduction in
newborn whole body concentrations of Zn, Cu and Fe. The teratogenic effects of Cd Is
suggested to be related to the Inhibition of DNA synthesis and metabolism particularly since zinc 
deficiency interferes with DNA synthesis [66,67].
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Women are exposed to Pb from different sources as mentioned in Section 1.1.1. 
Excessive Pb exposure has been associated with increased incidence of miscarriages, stillbirths 
and spontaneous abortions, sterility and menstrual disorders, low birthweight, mental retardation 
and malformation of neonates [24,68,69,70]. The placenta transfer of Pb is reported to begin as 
early as the twelfth week of gestation [69]. It has been observed that unlike Cd no accumulation 
of Pb in placenta occurs and the concentration of Pb in the blood of the newborns was almost 
the same as that In mothers [65].
Chronic oral Pb toxicity just like Cd is assumed to be due as much to alterations of Zn, 
Cu and Fe nutrition and metabolism as it is to direct cellular inhibitory action of these metals 
themselves [71].
Methylmercury is also readily accessible to the foetus by Its transfer through the 
placenta [63]. Hg®^  seems to interfere directly with the transfer of Zn**^ , Cu®^  and to the 
foetus, the inhibition of Fe®^  transport being particularly severe. It also inhibits transfer of 
placental transport of amino acids which causes depression of the utilisation of the amino acids 
for protein synthesis in both the placenta and the foetus. Whereas Hg^+ primarily affects 
placental transport process of Zn^* and amino acids, Cd^  ^ has a direct effect on the synthesis of 
foetal DNA and pmteins [72].
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1.1.3 Elemental Analysis of Biological Samples
A number of analytical techniques are suitable for determining elements in biological 
samples. For elements normally present in substantial quantities such as Na, K, Ca and Mg 
most techniques allow or require a substantial dilution of the sample. This also dilutes the 
sample matrix as well. Techniques most popular for these elements include flame atomic 
absorption spectrometry (FAAS), flame atomic emission spectrometry (FAES), and ion-specific 
electrodes. For the trace elements present in the parts per million (pg g  ^ or pg ml ’)
concentration range, such as Fe, Cu and Zn a wide variety of techniques are used, including 
atomic emission, absorption and fluorescence, voltammetry. X-ray fluorescence spectrometry and 
neutron activation analysis (NAA). For ultra-trace elements, those with concentrations in 
parts-per-billion region (ng g ’ or ng ml’) and below, the number of suitable techniques drop 
rapidly, because of the analytical sensitivity required. For elemental concentrations at these 
levels, determinations have been reported by NAA, mass spectrometry (MS), graphite furnace 
atomic absorption (GFAAS) or electrothermal atomic absorption spectrometry (EAAS), proton 
induced X-ray emission (PIXE) techniques. Inductively coupled plasma atomic emission 
spectrometry (ICP-AES) and recently Inductively coupled plasma mass spectrometry (ICP-MS).
With the exception of EAAS, most of the other techniques which are capable of 
measuring many of the trace elements of current biological interest, frequently present at 
concentration range of ng g ’ and below, are not as widely available and are expensive. 
However, the disadvantage of EAAS is that It is not capable of routine multi-element analysis. A 
brief description of some of the techniques mentioned above, used for trace element analysis Is 
included to point out their advantages or disadvantages of their use in analysis of biological 
samples.
Atomic Absorption Spectrometry (AAS)
In this technique the radiation absorbed by the atoms Is measured. The flame, heated 
graphite furnace and carbon rods volatilise and atomise the sample, creating a medium of free.
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unexcited atoms capable of absorbing radiation from an external source when the radiation 
corresponds exactly to the energy required for a transition of the test element from the ground 
electronic state to an upper excited electronic state. Absorption is measured by the difference in 
transmitted signal in the presence and absence of the test element [73,74].
AAS is cheaper than other techniques, In the case of EAAS solid samples can be 
analysed and small sample sizes of 1 - 1 0 0  mm  ^ are only required. However this technique is 
essentially a single elemental technique, although recently some attempts have been made to 
adapt AAS for simultaneous, multi-element analysis [75,76,77]. In EAAS a typical programmed 
cycle for electrothermal atomisation is time consuming and most imprécisions are associated with 
pipetting the sample. EAAS suffers from spectral and non-spectral Interferences. Use of Zeeman 
effect for background correction with an alternating magnetic field at the furnace atomiser 
[78,79,80] has shown to avoid spectral interferences and improve detection limits for trace 
elements In biological materials on average by a factor of five. Most non spectral interferences 
are eliminated using stabilised temperature platform furnace (STPF) concept [81] which includes 
the application of a matrix modifier, atomisation from a platform with maximum power heating and 
interrupted internal gas flow to delay analyte volatilisation until the environment in the tube has 
stabilised In temperature.
Atomic Emission Spectrometry (AES)
The basic principle underlying the atomic emission spectrometry is the vaporisation and 
excitation of the sample to the point of light emission. This may be done by means of a high 
temperature flame, an electric arc or spark, a dc argon plasma, an Inductively coupled argon 
plasma (ICP), microwave induced plasma (MIP) and a laser. The emission spectrum is focused 
onto the spectrometer’s entrance slit. The light derived from the vaporised, excited material is 
dispersed into its component parts of the spectrometer. At the exit aperture this light is either 
photographed on a plate or film or recorded by a photodetector. Since each element produces a 
series of spectral lines of specific wavelength, which is characteristic of itself, the Identification 
and quantification of an element is possible by studying the respective location and intensity of
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their spectral lines [73].
The ICP has been the most successful for multi-element trace analysis. Multi-element 
analysis using ICP-AES may be accomplished by two different ways; sequential or true 
simultaneous determinations. Sequential spectrometers employ the use of a scanning 
monochromator, usually computer interfaced. The light emitted by the sample in the plasma 
source Is focused on the entrance of the slit of the monochromator and the spectrum is scanned 
through the region of interest. In simultaneous determinations a polychromator or direct reading 
spectrometer is used. The Image of the emitting source is focused onto the entrance slit of the 
polychromator and the resulting light is wavelength dispersed by a diffraction grating. The 
different analytical wavelengths fall on preset ex! t slits arranged along the focal curve, behind 
which there are individual photomultiplier tubes. The resulting electrical signals are amplified, 
processed and passed on to a computer for data handling [82].
ICP-AES has proven to be a powerful analytical tool for surveillance of major and trace 
elements In biological matrices [83]. Matrix effects on suppression of signals in complex matrices 
can virtually be eliminated by careful choice of viewing height and other parameters [84] and the 
spectral overlap interferences are small in ICP-AES for biological materials [82,83,84]. However 
spectra are very complex and stray light and background recombination may cause some 
difficulties [85,86].
Activation Analysis
The basic principles of activation analysis consists of placing the sample to be analysed 
in a flux of energetic charged particles or neutrons for a sufficient time to produce enough 
radionuclide products to measure with the desired statistical precision. A reactor is used as an 
unexcelled source of slow or thermal neutrons. For laboratories not having access to atomic 
reactors, probable sources consists of an intimate mixture of an alpha emitter, such as ‘^^ Ra, 
*’®Po or “ "Pu with beryllium. For elements such as O, Si, P and Fe, the sensitivity is greater 
using fast rather than thermal neutrons, in this case the fast neutron flux that is present in the
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core of the nuclear reactor can be used. Samples are wrapped with cadmium foil to prevent 
thermal neutrons from reaching the sample [73]. Gamma rays are the usual choice for 
quantification of induced activity as they exhibit discrete energies and are not subject to 
significant absorption within the sample [85].
There are different forms of the activation analysis; the purely instrumental 
(nondestructive) method, the postirradiation radiochemical separation form and prompt 
gamma-ray mode. The advantages of activation analysis is that purely instrumental form is a
non destructive technique and solid samples require little or no sample preparation which reduces
!
contamination problems. It allows simultaneous analysis of many elements. However it has its j
disadvantages; it is severely restricted for small masses or liquid volumes, due to fear for j
radioactive leakage after activation [87], there Is lack of ultra-sensitivity for very small sample |
volumes such as brain tissue, cerebrospinal fluid and oviduct fluid. It also requires long analysis 
time for essential long-lived nuclides such as “ Co/t^a = 5.26 y, ®^ Cr/t,^  = 27.8 d,
®"Fe/ti;2 = 4 5 d  and ^Zn/t^^ = 243 d and because of the need to access a nuclear reactor it is an 
expensive technique. For short-lived nuclides (“ Al, ‘’"Ca, “ F, "'Mg, ®®Mn, ’"’Mo and “ V)
instrumental/non-destructive neutron activation analysis (NAA) is limited due to the presence of 
major Interferences ("‘’Na/t^ yg = 15 h and “ P/t^ yg = 14.3 d) which Induce high background activities 
in biological materials. Acceptable precision is only possible by cyclic activation or pre-chemical 
separation procedures, both of which may be subjected to possible analyte loss, contamination 
and "blank-correction" problems. Another basic disadvantage of routine thermal NAA is the 
inability to detect certain important elements such as B, Be, C, H, Li and Pb and reduced {
selectivity is shown for “ AI due to contributing reactions of phosphor us [88].
Mass Spectrometry
In mass spectrometry charged particles are produced which are sorted according to their 
mass/charge ratio [73]. The ionisation methods employed in inorganic mass spectrometry are 
thermal ionisation using a spark source, Inductively coupled plasma using electron impact, field 
desorptiôn employing glow discharge, secondary ion/neutral using chemical ionisation, fast atom
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bombardment using resonance ionisation and laser microprobe system.
Until recently thermal ionisation mass spectrometry (TIMS) had been the major mass 
spectrometric method used for metal analysis. However usually extensive sample preparation is 
required to isolate the element of interest. The element needs to be analysed in a highly purified 
form, therefore rigorous clean up procedures such as ion exchange, solvent extraction and 
electrodeposition are employed. For a complete analysis, the collection of approximately one 
hundred isotope ratio measurements takes about one hour and produces both accurate and 
precise data (0.001% RSD). This time can be reduced to ten minutes but both accuracy and 
precision are reduced to 1 - 2% RSD. Precision of analysis of biological and environmental 
samples for Cd, Pb and Ti have been quoted to be 0.3 - 3.5% [89]. This system offers 
simultaneous multi element analysis and detection limits of 1 - 10 ng g ’ have been achieved by 
this technique [9].
Inductively coupled plasma mass spectrometry (ICP-MS) has been developed in the last 
decade and was used in this research. This technique will be discussed in more detail in 
Chapter 2.
Table 1.1.3 shows the comparison of the detection limits offered by ICP-MS in scanning 
mode with those obtained for FAAS (flame atomic absorption spectrometry), GFAAS, ICP-AES, 
ICP-MS and NAA.
Analysis of Biological Systems bv ICP-MS
ICP-MS Is a rapid, sensitive, multi element technique. The high sensitivity of the mass 
spectrometer and low background levels give detection limits of 0.01 - 1 ng ml;’ In aqueous 
solutions [91]. Other advantages Include simple spectra, isotopic information, a wide dynamic 
range which extends over six orders of magnitude [87], and high sample turnover is possible with 
more than ninety percent of the elements in the periodic table being covered. However the 
equipment Is quite expensive to purchase and run and is susceptible to interference from
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polyatomic species arising from the plasma, acids used for sample preparation and the sample 
itself [92]. The interferences can normally be taken into account and corrected for accordingly. 
Generally, signal suppression caused by the major elements present in biological matrices is 
small and insignificant once the sample Is diluted to levels containing less than 1500 pg ml’ Na 
or K [93,94]. A total solid content greater than 1% w/w can lead to injector tube and/or skimmer 
blockage which reduces instrument sensitivity. The same problem arises when undigested 
samples containing high levels of protein or fat are nebulised [87].
An analytical problem which routinely occurs during the analysis of biological samples is 
the existence of memory effects mainly due to volatilisation of analyte previously deposited upon 
the walls of the spray chamber or associated nebuliser transfer lines. In general, provided care 
is taken during the sample throughput run sequence, any memory effects from high elemental 
levels in standards or samples (especially from B, I, Ba and Hg) should be minimised. Basically 
total wash out time of only two to three minutes is necessary for routine analysis [87]. The 
recent developments in electrothermal volatilisation [95,96] and laser ablation [97,98] which 
enables the direct analysis of solids, have expanded the analytical scope of ICP-MS. ICP-MS is 
nowadays widely used in determination of isotope ratios, it has also become feasible to couple 
ICP-MS as a multi-element detector for flow injection analysis and ion pair reversed phase liquid 
chromatography [99], which may be used In biological spéciation tracer studies as well as in 
measuring concentrations by isotope dilution. Other examples are its use as an on-line detector 
for analysis of ferritin and metallothionein in liquid chromatography [100] and investigation of the 
spéciation of Cd in pig kidney using exclusion chromatography interfaced with ICP-MS [101].
Although the number of applications is increasing in many areas, there are still few of 
them devoted to analysis of biological materials. Table 1.1.4 gives examples of such 
applications.
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Table 1.1.3: Comparison of Detection Limits of Selected Elements for 
Different Analytical Techniques fna mi 'i
Analytical Techniques
Element FAAS GFAAS ICPAES ICPMS NAA
[90] [74] [90] [90] [91
Li 0.005
B 1050 4.8 3.78
Na 0.5 0.0002 29 3.44
Mg 0.3 0.00002 30 0.94 50
AI 30 0.002 23 0.97 30
Si 220 0.05 12 33.2
K 1.5 0.001 6000 3.81 20
Ca 1.5 0.02 10 10.2 500
Sc 75 1.5 0.06
Ti 100 0.5 3.8 2.43
V 75 0.1 10 0.16 0.5
Cr 4.5 0.01 7 0.11 0.5
Mn 3 0.0002 1.4 0.29 0.1
Fe 7.5 0.003 6.2 1.62 10
Co 7.5 0.005 6 0.34 0.5
Ni 7.5 0.010 15 3.24 0.6
Cu 4.5 0.002 5.4 0.23 3
Zn 1.5 0.00005 1.8 0.59 5
As 150 0.006 53 2.84 1
Se 300 0.100 75 0.28
Rb 7.5 0.010 37000 0.36
Sr 7.5 0.005 0.42 0.10
Mo 30 0.003 7.9 0.70 0.2
Ag 3 0.0001 7 0.32
Cd 1.5 0.0001 2.5 0.57 5
Sn 150 0.006 45 0.43 30
Sb 60 0.008 32 0.28
Ba 30 0.050 1.3 3.21 10
La 3000 10 0.09
Au 15 0.010 17 0.11 0.3
Hg 250 0.1 25 0.23 1
Pb 30 0.002 42 0.30
U 45000 250 0.02 2
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Table 1.1.4: Applications of ICP-MS in Analysis of 
Biological Samples
Sample Elements References
Marine Reference Materials 
(1) Dogfish Liver Tissue DOLT-1 
(ii) Dogfish Muscle Tissue DORM-1
Na, Mg, Cr, Fe, Mn, Co, Ni, Cu, 
Zn, As, Cd, Hg and Pb
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NBS (NIST): Standard Reference Material 
SRM 1577, 1577a Bovine Liver 
IAEA Mixed Human Diet H9 
NIST: SRM 909 Human Serum
Li, Mg, A!, Ca, Cr, Mn, Fe, Cu, Zn, 
Br, Rb, Cs
87
NIST: SRM 1571 Orchard Leaves Ll, Al, Ca. V, Cr, Mn. Ni, Co, Cu, 
Zn, As, Cd, Hg, Pb
102
NIST: 1577 Bovine Liver 
Plasma Protein Solution (PPS) 
Human Albumin 4.3% (PPF) 
Synthetic Colloid Solution 
Lanonorm Metals Nos 1 , 2 , 3  (Urine)
Mg, Al, Cr, Mn, Fe, Ni, Cu, Zn, Se, 
Co, Rb, Sr, Mo, Pb, Cd, Hg, TI
75
Marine Reference Material of 
Lobster Hepatopancreas TORT-1
V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, 
Se, Sr, Mo, Cd, Sn, Hg, Pb
103
Rye Grass Vegetation
NIST: SRM 1571 Orchard Leaves
Al, Ag, As, Au, Ba, Be, Bi, B, Br, 
Cd, Cs, Ca, Ce, Cl, Cr, Co, Cu, Dy, 
Er, Eu, F, Fe, Ga, Gd, Hf, Hg, Ho,
1, In, Ir, K, La, Li, Mg, Mn, Mo,
Na, Nb, Nd, Ni, P, Pd, Pt, Pr, Rb,
S, Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, 
Te, Ti, TI, U, V, W, Y, Yb, Zn, Zr
104
NIST: SRM 1573 Tomato Leaves 
NIST: SRM 1575 Pine Needle 
Vegetation
U 105
Chinese Reference Hair SI NR 0920
NIST 1572 Citrus Leaves
NIST 1577 Bovine Liver
NIST 1575 Pine Needles
BCR 062 Olive Leaves
NIST 1571 Orchard Leaves
NIST 1573 Tomato Leaves
(LA-ICP-MS)
Mg, Al, P, S, K, Ca, Cr, Mn, Fe, 
Cu, Zn, Rb, Sr, Mo, Ba, Pb
86
IAEA 13 Animal Blood 
IAEA H4 Animal Muscle 
NIST SRM 909 Human Serum 
NIST SRM 1577a Bovine Liver 
SINR 0920 Chinese Hair,
Blood, Saliva, Urine, Hair, Nails
Li, B, Mg, Al, P, Ca, Sc, Fe, Mn, 
Ni, Co, Cu, Zn, Ge, Rb, Sr, Mo, 
Cd, Sn, Sb, Co, Ba, La, Ce, Hg, 
Pb
9
Whole Blood Total Pb and Pb Isotope Ratio 106
Plasma, Urine Te (Using electrothermal 
vaporisation ICP-MS)
107
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Table 1.1.4 Continued
Sample Elements References
Serum, Saliva, Urine Br 108
Brain Be, B, Mg, Al, Si. Cl. Ca, Sc, V, 
Cr, Mn, Fe, Ni, Co, Cu, Zn, As, 
Rb, Sr, Mo, Ag, Cd, Sr, 1, Cs, Ba, 
Au, Hg, Pb, Bi
7
Faecal Matter
NIST: SRM 1577a Bovine Liver
Fe, Cu, Zn 109
Serum B, Be, Li, Pb 110
Human Milk Na, Mg, Al, P, K, Ca, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, As, Mo, Hg, 
Pb, Li, Be, Sc, Ga, Rb, Sr, Y, Nb, 
Pd, Ag, Cd, In, Sn, Sb, Te, 1, Cs, 
Ba, La, Ce, Pr, Nd, Eu, Gd, Tb,
Dy, He, Er, Tm, Yb, Lu, Hf, Au, TI, 
BI, Th, U
111
Faecal Matter Fe Isotope Ratios 112
Human Faeces 
Blood Plasma
Zn Isotope Ratios 113
Whole Blood Total Pb and Pb Isotope Ratios 106
Serum Se 77
Blood Fe Isotope Ratios 114
Blood, Urine Sr Isotope Ratios 115
Seminal Plasma Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, 
Mo, Nl, Pb, Rb, Se, V, Zn
116
Cerebrospinal Fluid Li, B, Na, Mg, Al, Si, P, Cl, K, Ca, 
Sc, V. Cr, Mn, Fe, Co, Ni, Cu, Zn, 
As, Se, Br, Rb, Sr, Mo, Ag, Cd, 
Sn, Sb, 1, Cs, Ba, Hg, Pb
117
Human Blood, Serum, Saliva, Oviduct 
Fluid, Brain, Finger Nails
Ll, B, Mg, Al, K, Ca, Sc, V, Cr, Mn, 
Fe, Nl, Co, Cu, Zn, As, Se, Br, Rb, 
Sr, Mo, Cd, Sn, Sb, 1, Cs, Ba, Hg, 
Pb
118
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1.2 Amino Acids
1.2.1 Biological Functions of Amino Acids
Amino acids are the basic structural units of proteins. An amino acid consists of an 
amino group, a carboxyl group, a hydrogen atom and a distinctive R group bonded to a carbon 
atom which is called the a-carbon. An R group Is referred to as a side chain [119].
NHgIH - C - COOHIR
Twenty kinds of side chains varying in size, shape, charge, hydrogen bonding capacity 
and chemical reactivity are commonly found in proteins. Ail proteins in all species, from bacteria 
to humans are constructed from the same set of twenty amino acids. Humans can make only 
half of these amino acids. The amino acids that must be supplied In the diet are called 
"essential", whereas the others are termed "non-essential". Table 1.2.1 [119]. These designations 
refer to the need of an organism under a particular set of conditions. For example enough 
arginine is synthesised by the urea cycle to meet the needs of an adult but not those of a 
growing child. A deficiency of even one amino acid results In a negative nitrogen balance. The 
pathways for the biosynthesis of amino acids are diverse. The non-essential amino acids are 
synthesised by quite simple reactions whereas the formation of essential amino acids are quite 
complex. The body's own proteins are being continuously hydrolysed to amino acids and 
resynthesised. The amino adds formed by endogenous protein breakdown are in no way 
different from those derived from ingested proteins. With the latter, they form a common amino 
acid pool that supplies the needs of the body [120].
Amino acids form proteins and other biomolecules such as thyroxine (iodine containing 
hormones), catecholamines (hormones and neurotransmitters), histamine (produced by 
decarboxylation of histidine, induces capillary dilation, which increases capillary permeability and 
lowers blood pressure and also acts as a neurotransmitter In the central nervous system).
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serotonin (a hormone and neurotransmitter), melatonin (an indoleamine hormone), intermediates 
of urea cycle, acetylcholine (neurotransmitter), epinephrine also known as adrenalin (hormone), 
creatine (phosphorylated creatine is an important storage form of high energy phosphate) and 
coenzyme A (a central molecule in metabolism, it Is a carrier of activated acetyl or other acyl 
groups). Purines and pyrimidines are synthesised from amino acids, which then from a variety of 
coenzymes and related substances; NAD+, NADP^, ATP and also RNA and DNA. RNA is in 
dynamic equilibrium with the amino acid pool, but DNA once formed is metaboiically stable 
throughout life [119,120].
Excess amino acids in contrast with fatty acids and glucose cannot be stored nor 
excreted from the body. Surplus amino acids are used as metabolic fuels. Most of the amino 
groups of the excess amino acids are converted into urea in urea cycle, whereas their carbon 
skeletons are transformed into acetyl CoA, acetoacetyl CoA, pyruvate or one of the intermediates 
of the citric acid cycle, also known as tri carboy lie acid cycle or Kreb’s cycle. Hence fatty acids, 
ketone bodies (acetoacetate, D-3-hydroxybutyrate, acetone) and glucose can be formed from 
amino acids.
Some of the N H / formed in the breakdown of amino acids is consumed in the 
biosynthesis of nitrogen compounds. The excess N H / is converted into urea by urea cycle. 
Figure 1.2 .1, and then excreted. The fumarate formed in urea cycle is important because it links 
urea cycle and citric acid cycle.
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Table 1.2.1: Basic Set of Amino Acids M191
Non-Essential Essential
COO COO
Alanine
j
*HaN - C - H 
CH3
Histidine *HaN - C - H
CHg
Arginine
COO
*HaN - C - H 1CHg
C = CH 1 1 "HN NH
H
CHg
CHg
N - H 1C = NHg* 1NHg
Isoleucine
COO 
"HgN - C - H 
H - C - C H ;
CHg
CH,
Asparagine
COO 
*HaN - C - H
CHg 
0  NHg
Leucine
COO 
"H3N - C - H
CHg
CH /  sH3C CH3
Aspartate
COO
"HgN - C - H 1CHg
COO1
Lysine
coo
*H3N - C - H
CHg
CHg
CH,
Cysteine "HgN - C - H NH/
CHg
SH Methionine
COO1*H3N - C - H 1COO CHg .
Glutamate H N  - C - H
CHg
CHg
CHg
S
CH3
29
T able 1.2.1 Continued
Non-Essential Essential
Glutamine
Glycine
Proline
Serine
Tyrosine
COO 
- 0  - H 
CH, 
CH,
C
NH,
COOI*HaN - C - H 
H
COO
H N  - C - H I I H,C^C
CH,
COO 
U N  - C - H
H C - O H  IH
COO 
*H,N - Ç - H 
CH,
OH
Phenylalanine
Threonine
Tryptophan
Valine
COOI♦H3N - C - H
COO
*HgN - C - H IH - C - O H
CH,
COO
H ,N  - C - H
COO 
*H,N - C - H
CH3 CH,
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In citric acid cycle, Figure 1.2.2, the carbon skeleton of the diverse set of twenty amino 
acids are funnelied into only seven molecules: (i) pyruvate, acetyl Co A, acetoacetyl CoA, 
a-ketoglutarate, succinyl CoA, fumarate and oxaloacetate. Amino acids that are degraded to 
acetyl CoA or acetoacetyl CoA are termed "ketogenic" because they give rise to ketone bodies 
which are transportable equivalents of fatty acids. In contrast amino acids that are degraded to 
pyruvate, a-ketoglutarate, succinyl CoA, fumarate and oxaloacetate are termed "glycogenic". Of 
the basic set of twenty amino acids, only leucine is purely ketogenic. Isoleucine, lysine, 
phenylalanine, tryptophan and tyrosine are both ketogenic and glycogenic. The other fourteen 
amino acids are purely glycogenic [119].
Citric acid cycle requires oxygen and does not function under anaerobic conditions. 
Each turn of the proper cycle generates a total of fifteen ATP by oxidative phosphorylation. ATP 
is the most important high energy phosphate compound and is the energy store house of the 
body [120]. The reactions of citric acid cycle occur inside mitrochondria [119]. Glucose Is also 
converted to pyruvate through the glycolytic pathway which has a dual role; it degrades glucose 
to generate ATP and provides building blocks for the synthesis of cellular components. Pyruvate 
in turn forms acetyl CoA which is completely oxidised to COg by the citric acid cycle. The citric 
acid cycle is the final common pathway for oxidation of fuel molecules - amino acids, fatty acids 
and carbohydrates.
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1.2.2 Amino Acids and the Foetus
A central process In the growth and differentiation of cells and tissues is protein 
synthesis, and this process requires the optimal availability of the amino acids contained In 
protein. Many of the amino acids needed for synthesis of proteins are transported via the 
placenta from the maternal circulation, although some can be synthesised by the foetus. Protein 
synthesis, even in mature tissues which are not growing, is a dynamic process in which proteins 
are being continuously synthesised and resynthesised. In growing tissues the rate of synthesis 
exceeds the rate of degradation, ie there is net protein synthesis. In tissues which are not 
growing, the rate of synthesis just equals the rate of degradation, unless protein is secreted by 
the tissue. The foetus accumulates considerable amount of proteins of many types, with 
numerous functions, and it does this in an intricately programmed manner, at a precisely 
regulated rate. However, knowledge in the area of amino acid and protein metabolism in human 
development is fragmentary [122].
Amino acids In general are converted to an intermediate which can be oxidised through 
the final pathway, the citric acid cycle. Oxidative deamination and transamination allow 
immediate entry into the cycle. Noguchi et al [123] have reported that due to the low oxygen 
tension in the brain, the glucose Is hardly broken down further through the tricarboxylic acid cycle 
in the late embryogénie phase. Pyruvate is forced to be converted into lactic acid and alanine, 
which are accumulated up until birth. After birth since the oxygen tension in the brain increases, 
the citric acid cycle begins to be fully operative, the accumulated alanine is converted back into 
pyruvate. Most of the intermediates of citric acid cycle have been found in the foetus during the 
embryonic phase, such as a-ketoglutarate and fumarate [122]. The major means by which 
nitrogen reaches the foetus Is by transplacental transfer of free amino acids, although other types 
of nitrogenous compounds as well as some proteins are transferred via the placenta [124]. About 
90% of the a-amino nitrogen from amino acids released during catabolism of proteins and amines 
is converted to ammonia. The major mode of detoxification and excretion of ammonia nitrogen In 
man is production of urea. In foetus, it is excreted via the placenta by the maternal kidney or by 
the foetal kidney into amniotic fluid. Enzymes for synthesis of urea have been found as early as
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the twelfth week of human gestation. The existing evidences suggest that urea synthesis occurs 
in the human foetus but at a reduced rate compared to that which takes piace postnatally [125]. 
Nucleic acid synthesis in human foetal tissue has also been observed by autoradiography by 
various workers at eight to fifteen weeks of gestation [122].
Most of the knowledge in the area of amino acid and protein metabolism are
concentrated in the metabolisms occuMng in the liver [122], however more research Is being done 
on other organs such as brain. What follows Is a summary of some of the works wVili
the area of free amino acid pool In foetal brain.
Using experimental animals (rats) it was observed that many members of free amino
acid pool (notably alanine, glycine, leucine, isoleucine, valine, phenyl alanine, tyrosine) are
present in neonatal brain in concentrations two to three fold greater than in the adult rat [126]. It 
was suggested that this may be due to the rapid protein synthesis which has been shown to take 
place in the foetal and neonatal brain during rapid growth [127]. High concentrations of glutamic 
acid found in the developing brain is also assumed to play a vital role in the synthesis of acidic
proteins [128]. Amino acids in the brain are significant not only because they are the
components of proteins but also because of their role as neurotransmitters [126]. In general, 
protein synthesis of neural ceils seems to be most vulnerable to an Inadequate supply of amino
acids during the phases of most rapid growth of individual brain structures, when net protein
anabolism and therefore the amino acid requirement is particularly high [129].
Even though severe amino acid Imbalances can affect protein anabolism and brain 
development, more experiments are needed to show that the rate of accretion of certain proteins 
is selectively affected by an increased or reduced availability of individual amino acids. At 
present, far more data has been published in support of the idea that the availability of amino 
acids may be involved in the regulation of formation of monoamines (eg serotonin and 
catecholamines), whose interactions with their receptors affect a variety of events, including the 
rate of cell division and protein synthesis during brain development [129].
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1.2.3 Amino Acids in Relation to the Outcome of Pregnancy
Only a few reported publications were found on the levels of amino acids in foetus or 
mothers in relation to teratogenesis. A study on hypertensive women giving birth to underweight 
infants has shown a low foetal/maternal ratio of amino acid levels of blood [130].
Using an experimental diet, Pike [131] found that tryptophan deficiency caused 
congenital cataracts in the offsprings of rats. However, these congenital cataracts could not be 
prevented by addition of tryptophan alone but required additional niacin as well. In other 
experiments in which diets containing mixtures of amino acids were used, the omission of one 
essential amino acid resulted in a decrease in the growth of uterus, placenta and foetuses. In a 
systematic study of the effect of amino acid deficiencies on the developing rat foetus, 
Zamenhof et al [132] found that omission of tryptophan, lysin or methionine produced decreases 
in birthweight and the cerebrai weight, cerebral cell number and protein content of the brain. 
These effects were similar to those produced by total protein deprivation. Thus omission of 
singie amino acid during pregnancy may be as harmful as total absence of dietary protein.
Another means of producing an amino acid deficiency was used by Peraud and Kaplan 
[133], who gave an analogue of leucine to pregnant rats. This compound, hypoglycin-A, was 
Injected intraperitoneally during the first days of gestation. Malformations occurred in 92% of the 
young. Hypoglycin-A is of interest because it occurs naturally in certain fruit growing in the West 
Indies. This fruit is an important constituent of the Jamaican diet and has been incriminated as 
the causative factor of "vomiting sickness" which apparently results from ingestion of the unripe 
fruit. Clinical evidence suggests that hypoglycin-A might be teratogenic in humans. This 
experiment suggests the importance of leucine for foetal development, but it is difficult to interpret 
the results with respect to the teratogenesis of the compound for humans and also it was injected 
in the rats rather than being given by mouth. Also there was no control group that received both 
the leucine analogue and additional leucine as well.
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The concentrations of amino acids in the vitreous humour of one hundred and twenty 
cot deaths were analysed in humans by Patrick et al [134]. Their results showed that a specific 
aminoacldopathy is not a factor in cot deaths. In the reported paper however, comparison was 
made with the age related plasma reference range of amino acid levels and no control groups 
were chosen and used in the study.
There are available evidences indicating that specific transport of neutral amino acids 
such as leucine and isoleucine is carrier mediated [136]. It is also known that certain heavy 
metals, eg Hg and Cd, are foetotoxic. Placental transport of leucine was shown to be reduced 
by HgClg and CdClg in vitro [136] suggesting that transport proteins for essential amino acids are 
targets of heavy metals.
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1.2.4 Analysis of Amino Acids
In a review by Deyl et al [135], they report that separation of amino acids was first 
achieved by means of cation exchange chromatography, followed by quantitation using ninhydrin 
reaction. The semi-automation of this procedure led to the manufacture of automated amino acid 
analysers. Improvements in equipment were paralleled by increased understanding of the 
mechanisms involved in the separation of amino acids. The main chromatographic developments 
in the 1960’s were in the application of gas chromatography (GO). The modern liquid 
chromatography was perfected by chemists for applications such as quality control. Nowadays 
high performance liquid chromatography (HPLC) procedures have established themselves firmly 
and due to their versatility they are widely used in biochemical/ clinical analysis including amino 
acid analysis.
Amino acids are not readily measured by HPLC because of their high polarity and low 
response to ultraviolet or fluorescent detection. Therefore they generally undergo precolumn 
derivatisation followed by reverse phase HPLC separation. The simplicity and reproducibility of 
reverse phase chromatography make this method particularly attractive In clinical chemistry. 
Reverse phase chromatography utilises a hydrophobic bonded phase packing, usually possessing 
a C^ B or Cq functional group and a polar mobile phase, usually a partially or fully aqueous mobile 
phase. Polar substances prefer the mobile phase and elute first. As the hydrophobic character 
of the solute increases, retention becomes longer. Generally, the lower the polarity of the mobile 
phase, the higher is its eluent strength. Thus, water is the weakest eluent. Methanol and 
acetonitrile are the most popular organic solvents because they have relatively low ultraviolet 
cut-off points, low viscosity and are readily available with sufficient purity. In most applications 
neat methanol or acetonitrile are the strongest eluents employed in reverse phase mode. Eluents 
of Intermediate strength are usually obtained by mixing one of these solvents with water or an 
aqueous buffer. Other water-miscible, non-ultraviolet absorbing solvents, such as dioxane, 
tetrahydrofuran and other alcohols have also been used [73].
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Prior to HPLC analysis, the biological samples need to undergo deproteinisation. 
Proteins present in tissues Influence considerably the determination of free amino acids. During 
analysis they may adhere to the column, causing peak spreading and resulting in an increased 
column back pressure. Deproteinisation of bodily tissues can be performed by precipitation, 
ultrafiltration or ultracentrifugation [135].
A more detaileddescription of the extraction and HPLC determination of amino acids, in 
human foetal brain samples, employed in this work will be given in Chapter 2.
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CHAPTER 2
ANALYTICAL METHODOLOGY
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2.1 Elemental Analysis
The elemental analysis of the biological tissues, namely hair, placenta and brain in this 
thesis have been carried out using inductively coupled plasma-mass spectrometry (ICP-MS). 
Some of the applications of ICP-MS to the measurement of biological samples have already been 
summarised in Chapter 1. In this section, the principles of operation and performance qualities of 
ICP-MS will be described in more detail. Pre-analysis treatment and analysis of samples, 
accuracy and precision of the measurements plus the limits of detection of ICP-MS obtained in 
this project will also be summarised In this chapter.
2.1.1 Instrumentation
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
The schematic diagram of the basic components in the Plasma Quad ICP-MS System 
(VG Elemental Ltd, Ion Path, Road Three, Winsford, Cheshire, UK) used in this project is shown 
in Figure 2.1.1. Basically, samples are Introduced into the ICP in the form of an aerosol 
generated by nebulizing an aqueous solution of the sample. The aerosol is entrained in a flow of 
argon gas and carried to the central channel of the ICP. In the atmospheric pressure ICP, the 
aerosol is atomised and ionised. A portion of this ionised gas is introduced to the mass 
spectrometer high vacuum chambers, where ions are then collected and focused into the 
multi-channel analyser and a computer is used for data accumulation and manipulation. The 
basic components of ICP-MS is described in more detail below.
2 .1.1.1 Inductively Coupled Plasma
The very high temperatures of the ICP make It a remarkable vaporisation, atomisation, 
excitation and ionisation source for elemental analysis. Figure 2.1.2 shows the ICP torch 
schematically. The plasma used so far in ICP-MS instruments is identical to that normally used 
in ICP-AES, with the axis horizontal. Since however there is no requirement for analyte excitation
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but only for ionisation, the sampling point on the axis of the piasma may be moved cioser to the 
load coil than in iCP-AES.
To operate the torch, argon gas is fed tangentially (1 Lmin’ )^ into the inner silica tube 
and is ionised by the magnetic fieid produced by the induction coii (operating frequency 
27.12 MHz; power output 1 - 2.5 kW). Since the argon piasma has a high density of free 
electrons it is a good eiectricai conductor and wiil interact readiiy with the magnetic fieid that is 
created once power is supplied to the induction coil. The argon gas stream is then seeded with 
free electrons provided directly by a tesla discharge into the stream. Seed electrons in the coii 
space interact with the magnetic fieid and quickly gain sufficient energy to ionise the gas stream. 
Once the piasma gains a sufficient free electron concentration, an eddy current. Induced by the 
magnetic field, flows in azimuthal circular closed paths around the discharge periphery. After the 
ionisation, a flame shaped plasma forms near the top of the torch.
The second stream of gas (coolant gas) is made to flow tangentially (10 - 15 Lmin"*) 
around the plasma gas stream, modifying the shape of the spheroidal discharge, by flattening its 
base. This makes it easier for the third stream, containing the sample aerosol to be injected 
(0.5 - 1 Lmin ’) up the axis of the torch and into the core of the plasma, further modifying the 
shape of the fireball from a prolate spheroid to an annulus. A long, narrow, well defined tail 
flame now emerges from the fireball [73]. Figure 2.1.3 shows the temperature profile of the ICP. 
Samples require sufficient time in the hottest part of the piasma to ensure that complete 
vaporisation and dissociation may take place, ie complete release of elements from within the 
matrix microparticuiates. Considering an optimised gas flow and the length of the fireball, the 
sample may be said to reside within the plasma for approximately 2 ms [9]. To reach the 
sampling location in the plasma, usually 1 0 - 1 5  mm beyond the load coil, the gas borne sample 
must pass through the centre of the piasma fireball where the gas temperature, although lower 
than in the annular energy coupling region, is still about 8000 K. At the point of sampling the 
gas temperature may be lower but the relatively long residence time at high temperature up to 
this point provides very efficient volatilisation and dissociation of the analyte microparticuiates 
formed by dissolution of the sample aerosol. The plasma ionisation equilibrium provides a high
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Figure 2.1.2: Schematic Configuration of an ICP Torch [731
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Figure 2.1.3: Temperature Profile in the ICP f91
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ionisation temperature of 6000 - 7500 K which ensures well over 90% ionisation for elements with 
ionisation energy of 8 eV or less. Only a few percent of doubly charged ions are formed for 
these elements with a second ionisation energy below that of Ar (15.76 eV, first ionisation
energy), such as Ba, La and rare earths [138,139].
The advantages that ICP offers as an ion source for iCP-MS are [9];
(a) High sample channel gas temperature of >5000 K.
(b) Annular form which permits stable sample introduction to a region from which it cannot
escape.
(c) Freedom from Inter-element and matrix effects due to high gas temperature.
(d) High electron population, which gives the plasma a high degree of stability.
(e) No electrodes in contact with the plasma to cause contamination.
(f) Much ICP experience world-wide as an emission source.
(g) Readily available commercial hardware.
(h) No organic ions wiil be produced from the molecules present from pump vapours and
other organic materials present in the vacuum chamber, because the ion source Is 
outside the vacuum envelope.
(I) Simple spectra.
2.1.1.2 Sample Introduction
In this work, sample solutions were introduced to the plasma using a peristaltic
pneumatic nebuliser accompanied by a pump. The usage of a pump ensured a constant solution
supply rate to the nebuliser, so that supply was not dependent on suction created by the gas jet 
flowing across the tip of the sample tube. Sample introduction was maintained at a rate of 
1.0 ml min \
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2.1.1.3 Ion Extraction
The ionised sample is extracted from the atmospheric pressure plasma and transferred 
to the mass analyser at high vacuum by the use of an interface, while retaining the chemical 
integrity of the sample. A typical interface of the type developed by A L Gray [93] and used in 
the Plasma Quad is shown in Figure 2.1.4 [137].
The operation of such an interface is described in some detail in the literature [93,140]. 
However a brief description of the interface used in the Plasma Quad is given below.
A water cooled cone (extraction cone) with an aperture of 0.5 - 1 mm is inserted 
directly into the iCP, on axis with the central channel, with the base of the cone sealed to the 
vacuum system. As the gas pressure in the expansion is about 2 - 3 mbar, there is a steep 
pressure gradient along the length of the extraction aperture which forms a jet of gas from the 
central channel of the plasma, at a temperature of approximately 6000 K, into the expansion 
stage. The directed jet formed by the expansion falls in temperature to about 200 K within a few 
microseconds, thus effectively freezing any reactions between species, that could occur in a 
slower expansion and distort the composition. The only reactions which occur are the formation 
of some polyatomic ions from argon gas and sample matrix ions, ionic recombinations are slow, 
therefore the ionic composition of the sample is likely to be little changed. A rotary pump is used 
to remove the bulk of the inflowing gas in the first section of the total of three vacuum chambers, 
used in the system devised by A L Gray for the VG Plasma Quad instrument. Directly behind 
the extraction cone, there is a sharper cone (external angle of 57®C) known as a skimmer, with 
an orifice of 0.5 - 1 mm. Both, extraction cone and skimmer are generally made of pure nickel, 
as it has a good thermal (and electrical) conductivity and chemicai resistance. The extracted gas 
passes through the skimmer into the second vacuum stage. The pressure behind the skimmer is 
usually less than 4 x 1 0 ' *  mbar. This stage is evacuated using a diffusion pump with a rotary 
backing. Once in this region gas flow becomes molecular, making the use of electrostatic lenses 
necessary to separate the charged from the neutral species (which are pumped away). The ions 
are then conducted by these lenses to the spectrometer for mass analysis.
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Figure 2.1.4: Plasma Sampling Interface ri371
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In the final or analyser stage ions are focused through a differential aperture of 2 mm 
orifice into the quadropole mass analyser. In this stage there is a second set of lenses for ion 
collection and focusing into the entrance of the mass analyser. A diffusion pump is also used in 
this last section, with an operating pressure of 10® to 10^ mbar [90,139].
2.1.1.4 Quadropole Mass Analyser
The quadropole mass analyser consists of four electrically conducting parallel rods of 
circular section (12 mm diameter), manufactured from stainless steel or molybdenum and 
mounted in ceramics. Figure 2.1.5. A set of shorter rods (25 mm long) is mounted at each end 
of the main rods, to which only ac potential are fed. These rods act as entrance and exit filters, 
they reduce the fringing fields at the entrance to the main rods so that low energy ions are not 
preyented from entering. The normal scanning range of the analyser in the Plasma Quad is 
0 - 300 amu.
A quadropole field is formed by the four electrically conducting parallel rods. An ion 
injected down the longitudinal axis of the analyser undergoes transyerse motion in the plane 
perpendicular to the longitudinal axis. There are no field gradients along the deyice, so the ions 
trayel in the axial direction. The dc electric fields tend to focus positiye ions in the positiye plane 
and defocus them in the negatiye plane. When an alternating rf field is superimposed, an ion of 
light mass responds to the changes in the electric field without striking an electrode. As the 
resultant field becomes negatiye during part of the negatiye half cycle of the alternating field, the 
positiye ion accelerates toward the electrodes and will achieye a substantial yelocity. The 
following positive half-cycle, will have an even greater influence on the motion of the ion, causing 
it to reverse its direction and accelerate even more. The ion exhibits oscillations with increasing 
amplitudes until it finally strikes on the electrodes. The lighter the mass, the smaller the number 
of cycles before it is collected by the electrodes. On the other hand, heavy positive ions 
gradually drift towards the electrodes, because they do not respond to any significant extent to 
the small repulsive force existing during part of the positive half-cycle of the alternating field. 
Only one mass/charge (m/z) ratio can pass through the quadropole mass analyser and be
48
detected for a given rf potential and frequency. An entire spectrum is produced by varying the rf 
frequency while the rf and dc potentials remain constant or vice versa (dc and rf potentials are 
varied simultaneously so that these ratios of potential remain fixed) [73].
The resolution is a function of the number of cycles an ion spends in the field. 
Contributing factors towards finite resolution are; precision in the assembly of the rods, entrance 
aperture diameter, ion path angle and ion velocity. The most useful practical definition which 
expressed resolution uses an isolated peak in the mass spectrum and is defined as M/AM; where 
M = mass of the peak (u), AM  = the peak width at 5% (u).
In practice there is some departure from truly triangular peak shape and the peaks are 
said to have "tails". The factors contributing to tailing of the peaks are; imperfections in rod 
geometry, the limited number of rf cycles occur!ng during ion flight and the energy spread of the 
ions entering the quadropole [90].
2.1.1.5 Ion Detection and Data Handling
Channel electron multiplier (CEM) in the pulse counting mode is the most commonly 
used ion detector for ICP-MS instruments. The advantage that CEM offers over other types of 
electron multipliers is the fact that it can tolerate a relatively poor vacuum and can be repeatedly 
exposed to the atmosphere.
ions striking the mouth of the detector release electrons. The high electric field attracts 
these electrons along the conducting inside surface of the tube. Each time they strike the wall 
they release further electrons, so that an observed gain of about 10® is achieved. Pulses from 
the ion detector are fed into a pulse amplifier and discriminator (to reject electrical and rf noise) 
which produce a standard output pulse, higher than the discriminator threshold. The output is 
sent to a muiti-channel analyser (MCA) and a rate meter. The rate meter allows rapid visual 
count rates (counts s *) to be obtained for a specific mass set by the quadropole.
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The MCA has a number of memory channels, each capable of storing around 10® 
counts. The channel dwell time can be set from a few microseconds up to several seconds. As 
the mass analyser completes one sweep of the present mass range, the MCA completes one 
sweep of its memory channels. The time for one sweep is controlled by the channel dwell time 
set in the MCA. Preselecting 600 (repetitive) sweeps or scans would give an integrating time for 
any spectrum, regardless of the mass range covered, of just one minute. Once accumulated in 
active memory, the spectrum is usually down-loaded to a portable computer for storage on floppy 
disk.
All data accumulation and manipulation is performed by the computer on the Plasma
Quad.
2.1.1.6 Performance of the ICP-MS
Factors such as sensitivity, linear dynamic range, limits of detection, accuracy and 
precision, reasonable analysis times and cost of maintenance of an instrument plus sample 
pre-treatment requirements are important performance qualities which are considered prior to its 
application as a practical and successful scientific instrument. These performance qualities are 
outlined for the iCP-MS instrument in this section.
(i) Sensitivitv
Sensitivity is defined as the ratio of the change in the instrument response with a 
corresponding change in analyte concentration. It can also be defined as the 
concentration of analyte required to cause a given instrument response [73]. The 
sensitivity for a given concentration of an element using ICP-MS is obtained by 
determining the count rate. The sensitivities obtained for a series of elements in a 
multi element solution (each at 1 pg mi'*) on the Plasma Quad is presented in 
Table 2.1.1.
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Table 2.1.1: Signal Responses for Several Elements I 
Across the Mass Range Using ICP-MS 1901 ^
Element Response
Li 79842
Mg 60041
AI 72828
Co 186987
Rb 81239
In 161798
Ba 118148
Ce 151690
W 422817
Pb 260092
Bi 203199
U 250587
Responses in Area Counts sec * Area Counts sec
Peak area (in counts)
Total peak dwell time (in seconds)
Linear Dvnamic Range
This can be defined as the part of a calibration curve where change in signal response 
Is directly proportional to change in the concentration of the element(s) of interest, ie the 
relationship between response and elemental concentration satisfies the equation for a 
straight line. The linear dynamic range in ICP-MS has been shown to be up to and 
over six orders of magnitude [93,137,142,143]. Therefore iCP-MS offers the advantage 
of analysing both major and trace elements In the sample.
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(iii) Limits of Detection (LOP)
This may be defined as the concentration of the element which gives rise to a response 
equal to three times (sometimes twice) the standard deviation of the blank, which is 
usually run ten times [73,90,144]. In a singie ion mode typical detection limits for 
elements across the mass range have been reported to be 0.001 < LOD < 10 ng ml * 
[91]. However, detection limits in scanning mode encountered in analysis of "reai" 
samples for most elements are slightly higher and have already been shown in 
Table 1.1.3.
(iv) Accuracv and Precision
Accuracy is the agreement of a measurement with the known true value for the quantity 
being measured and precision is a measure of the reproducibility of a measurement. 
The accuracy of analytical techniques have been assessed using reference materials. 
In general the agreement with the certified values have been reported to be very good 
[91] and the precisions of the order of 1% RSD have been achieved [138] using 
ICP-MS.
(v) Sample preparations are generally simple for ICP-MS analysis and the analysis time for
a full mass scan on the instrument usually takes five minutes or less including sample 
nébulisation and wash-out period.
(vi) ICP-MS is a multi element technique providing both elemental and isotropic data.
(vii) It is an expensive instrument at the present time and its maintenance is quite costly.
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(viiî) Interferences
Spectroscopic and non-spectral interferences in ICP-I^S are tfie primary causes of tfie 
degradation of the detection iimits in analysis of samples with high levels of matrix 
compared to the detection limits obtained using iaboratory standards. Most of these 
interferences occur below mass eighty, as the major plasma ions (Ar, O and H) have 
masses forty or less.
The spectral interferences with the isotope(s) of interest arise from three main sources:
(a) Polyatomic ions - these arise from ion-molecule reactions between major species in the
plasma which occur during the extraction process or expansion stage. Various 
combinations of Ar, O and H occur, such as Og* and Ar *^ which arise from condensation 
reactions during the expansion process, whereas other ion clusters such as OH*^ , ArH*^  
as well as larger ones such as O H / occur as the result of ion molecule reactions in the 
interface. However major water and gas peaks (O, Ar and H) in spite of their size have 
been shown to cause very few analytical problems. Figure 2 .1.6 shows a blank 
spectrum up to mass eighty illustrating some of the major polyatomic ions.
Occurrence of polyatomic ions from H*^ , O* and Ar* in the plasma along with those of 
N*. S* and Ci* from common mineral acids such as nitric, sulphuric and hydrochloric 
acids used during sample and multi-element standard preparations are large factors 
governing the choice of mineral acids prior to ICP-MS analysis. Nitrogen has a higher 
ionisation potentiai compared to chlorine and sulphur, thus nitrogen containing peaks 
tend to be smaller than those containing chlorine and sulphur [91]. Table 2.1.2 shows 
the concentrations of some poiyatomic ions from the acids compared with Co (at 
1 pg mi*). The most important Interference peaks of the oxides and hydroxides of Cl 
are at m/z 51 (®CIO) and m/z 53 (” CIO), which coincide with monoisotopic V and a 
small isotope of Cr (9.55% abundance). Similarly Oxides and hydroxides of S which
occur at m/z of 48, 49, 50, 51 and 52 coincide with the various isotopes of Ca, Ti. V
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and Cr. Considering these factors, nitric acid alone was decided to be used in sample 
preparations (Section 2 .1.2) and the spectrum was always "stripped" using an 
appropriate matrix matched blank. Despite the careful choice of acid, interferences may 
stili occur if elements such as S, Cl and P are found in high concentrations in the 
analyte matrix. Example of such an interference is “ Ct®0* on ®*V. A correction 
technique has been devised to deal with this, utilising various isotopes of Cl and Cr, 
Table 2.1.3. This is generally used in the absence of significant C content leading to 
*®Ar**^ C formation.
Figure 2.1.6: Blank Spectrum of 1% HNO. Showing "Water" and "Gas" Peaks 
and Associated Polvatomic Ions 1901
A r A r
Mass
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Table 2.1.2: Relative Concentration of Some Mineral 
Acid Polvatomic Ions Usina ICP-MS 1901
1% Nitric Acid
Poiyatomic Mass Concentration
ion (u)
ArN 54 23.1
ArO 56 232
ArAr 80 2580
1% Hvdrochloric Acid
Polyatomic
ion
Mass
(u)
Concentration
CIO 51 1500
CIO or ClOH 52 24.5
CIO 53 497
ArN 54 52.5
ArO 56 365
ArCI 75 58.5
ArAr 80 4840
1% Sulphuric Acid
Polyatomic
ion
Mass
(u)
Concentration
SO 48 4750
SO or SOH 49 65.1
SO or SOH 50 258
SO or SOH 52 3.38
ArN 54 23.8
ArO 56 265
Sg or SOg 64 1130
Sg or SOg 65 59.4
Sg or SOg 66 56.4
ArAr 80 2800
Equivalent concentrations, ng mL* (ref 1 pg mL 
Extraction cone 0.7 mm. Skimmer 1 mm
®Co)
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Table 2.1.3: A Correction Method for Vanadium in the Presence of Cl and Cr in ICP-MS Analysis 
(In the absence of significant carbon content, leading to '‘®Ar**'C formation)
1. Correct 53 amu, to remove contribution from “ Cr 
“ Cr
A   X 9.55 (abundance of “ Cr)
83.76 (abundance of “ Cr)
B - A = C
where A = “ Cr contribution 
B = total 53 amu 
C = ®'CI*®0 contribution
2. Take ratio of “ Ci:®^ Ci from Cl abundances 
C X D = E
where D = “ CI:®'CI ratio (3.08)
E = “ Cl*®0 contribution at 51 amu
3. Correct for “ V 
F - E = G
where F = total 51 amu
G = corrected value for “ V
(b) Analyte Oxide and Doubly Charged ions - analyte oxide ions may arise from incomplete 
disassociation in the plasma, recombination in the boundary layer or ion-molecule 
reactions during ion extraction. The level of these oxide species appears to depend on 
plasma operating conditions and the amount of water introduced into the plasma, with 
the sample. Some improvements have been achieved in the levels of analyte oxides by 
using a water cooled spray chamber. Cooling the spray chamber causes much of the 
vapour to condense on its walis, significantly reducing the water input to the plasma.
56
Rare earth elements are the ones with highest M -0 bond and cause the
greatest oxide problems. Using a water cooled spray chamber, the ratio of the oxide to 
metal response is stabilised and using a calibration solution, correlations are
performed to the analyte value [91j. An alterative solution is using an interference free 
Isotope.
Only a few cases of doubly charged Ions occur and again can often be resolved by 
determining a correction. Levels of doubly charged ions depend on whether their 
second ionisation energies is below the first ionisation energy of Ar (15.76 eV) the main 
plasma gas (such as rare earths and Ba), extraction orifice diameter, carrier gas flow 
through the plasma and water content of the carrier gas. The typical levels of doubly 
charged ions are generally quite low and cause few serious interferences.
(c) Isobaric Interferences - isobaric overlaps between coincident isotopes of neighbouring
elements, common to all forms of atomic mass spectrometry, may cause serious 
interferences, but rarely prevent a determination. It Is often possible to correct for an 
interference [91], or use another isotope free from Interference. For example, principle 
isotopes of ‘‘“Ar and ^°Ca coindde, therefore a minor isotope of Ca, ie ‘*^Ca is generally 
used. Fortunately Ca rarely occurs at very low levels, and this Is usually acceptable. 
The ICP-MS Instruments are equipped with isotopic abundance tables in their computer 
programs and the operator is alerted to any potential Interferences when setting up his 
own procedures.
Non-Spectral Interferences Include;
(a) Matrix Suppression - ICP-MS signals have been found to be affected by high
concentrations of dissolved solids. High levels of concomitant salts containing easily 
ionisable elements such as Na, K and Ca, significantly increase the total electron 
density in the iCP and hence the analytical signals decrease below that observed under 
conditions of low concomitant salt concentration [138]. Concentrations of above
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0.1% w/v may be sufficient to do tfiis, tfierefore in practice total solid content of the 
solutions containing biological samples are kept below 0.1% w/v. Where suppression is 
therefore likely, matrix matched standards, standard addition techniques, isotope dilution 
are used or more radical alternatives such as dilution of the sample or extraction of the 
trace elements from matrix are performed.
(b) Physical Effects - the first one of the^physical interferences Is the memory effect. 
Depending on the ion observed, the signal decays relatively slowly after an initial sharp 
drop. The memory is mainly due to volatilisation of the excess analyte from the walls of 
the spray chamber, associated glassware and from the torch, it is worse for more 
volatile components of the solution such as Li and I [91]. Provided that wash-out 
periods in the run sequence are sufficiently long (two minutes is usually enough) and 
that the level of standard Introduced before the samples are not unrealistically high, 
memory generally does not cause real problems.
The second physical interference is the condensation of vaporised analyte in the 
plasma, forming a coating of fine powder around the lip of the extraction aperture of the 
cooled cone, which forms the part of the expansion stage wall In contact with the 
plasma, if the deposit is thick enough it may obstruct the aperture and because they 
also trap some of the analyte they produce a form of volatilisation Interference which 
makes the system non-linear at higher concentrations. If solids contents of 0.1% and 
less, and apertures of 1 mm diameter or more are used little trouble is normally 
experienced. If careful attention is paid to solution uptake rate and the length of time 
for which the sampie is introduced, solutions and slurries with solids contents as high as 
a few percent w/v can be run. This Is because a long enough sample dwell time in the 
high temperature region is given to fully volatilise the relatively large particles formed 
from the dissolvegl aerosol.
Despite the fact that ICP-MS is an expensive instrument and its maintenance Is quite
costly it was available in the Department of Chemistry, University of Surrey. In addition although
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ICP-MS is subjected to some interferences they can be overcome by applying corrections or 
using an interference free isotope. Therefore, due to its availability and excellent performance 
qualities it was chosen for elemental analysis of a large number of biological matrices in this 
project.
2.1.2 Sample Treatment Prior to Analysis
The common method of introducing samples into the ICP Is by pneumatic nébulisation 
of a liquid sample, therefore the biological tissues used (hair, placenta and brain) required 
dissolution prior to analysis by ICP-MS.
Various types of digestion techniques were employed, depending on the nature of the 
sample. During sample preparation, "reagent" blanks and standard reference materials of a 
similar matrix were also prepared. Reagent blanks are samples made by carrying out all steps In 
any given sample digestion, for example, volume of reagent, length and manner of heating, 
further dilution and storage conditions, without the addition of any biological sample material. The 
same digestion techniques were also used to prepare standard reference materials. During 
sample preparation contact of tissue with metals were tried to be avoided by using plastic knives 
for dissections, polyethylene gloves and work surfaces, and polypropylene laboratory ware as 
much as possible. Every item was acid washed prior and after use by first soaking and then 
boiling In 50% HNOj and finally rinsing with deionised water. Clean laboratory ware were stored 
in sealed plastic bags.
2.1.2.1 Hair
Sample Collection
All samples were collected from approximately 2.5 cm above the nape of the neck, 
midway between the shoulders and cut as close to the scalp as possible using standard stainless 
steel scissors. The tress of hair (at least 0.5 cm thick and 10 cm long from females or 2.5 cm
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long from males) was secured by the cling film provided as close as possible to the end closest 
to the scalp and placed in a small sealed plastic bag. Each participant was asked to fill in a 
confidential questionnaire concerning their personal history and clinical symptoms, including sex, 
age, height, weight, race, hair colour and treatments, smoking, consumption of alcohol, mineral 
supplementation, in the case of females any previous pregnancy problems and whether they were 
on contraceptives.
Sample Preparation
Hair samples (different lengths, depending on the study) were transferred Into 
polypropylene beakers and washed In accordance with a procedure proposed by International 
Atomic Energy Agency (IAEA) Advisory Group on Applications of Nuclear Methods in 
Environments Research [145]. The samples were washed by successive 25 ml portions of 
acetone, water, water, water and acetone, each time sonicated for fifteen minutes in an ultrasonic 
water bath. Following the washing procedure, the samples were covered with borosilicate 
beakers and dried under an intense lamp. They were then weighed (weights are specified in the 
appropriate sections in Chapter 3) into 12 x 75 mm pyrex tubes. The tubes were labelled and 
arranged in a specific order in pyrex beakers and placed in a Gallenkamp muffle furnace. All 
samples were loosely covered In the furnace by another pyrex beaker to prevent any 
contamination during ashing procedure from the furnace walls. Samples were allowed to ash for 
at least eight hours at 450“C. The ashed samples were dissolved in 1% HNG, (prepared from 
concentrated nitric acid BDH Chemicals, Aristar Grade Reagent) and transferred into 10 ml 
polypropylene sample tubes. Successive rinsing was carried out to ensure efficient transfer, and 
samples were made up to a final volume of 5 ml. Sample solutions were then stored at 4“C until 
analysis. Blank tubes and SINR (Shanghai Institute of Nuclear Research) Human Hair reference 
material samples (80 - 210 mg dry weight) were also placed In the muffle furnace and were 
included in all the sample preparation steps. The procedure is summarised in Figure 2.1.7.
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Figure 2.1.7: Analytical Preparation of Human Scalp Hair for ICP-MS Analysis
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5 ml of HNO 3  
added 
 ___________  I
2.1.2.2 Placenta 
Sample Collection
All placenta samples were collected from uncomplicated pregnancies and placed In 
polyethylene bags and stored Immediately at -20°C. Further Information on the samples are 
given In the appropriate sections In Chapter 4. Details of the mother’s and child's personal and 
clinical history was provided by the hospitals such as race, maternal age, Infant’s sex, gestational 
age and birthwelght.
Sample Preparation
The dissected samples (regions of the placenta used are specified In the appropriate 
sections in Chapter 4) were weighed (2 - 4 g wet weight) Into teflon containers. A volume of 
5 ml of concentrated nitric acid was added to each sample. The containers were covered with 
teflon discs and enclosed in stainless steel digestion "bombs". These were placed In an oven at 
80“C and allowed to digest for approximately twenty hours. Samples were allowed to cool, 
transferred to polypropylene 25 ml volumetric flasks using a plastic funnel and made up to the 
mark with deionised water. Successive rinsing were carried out to ensure efficient transfer. 
Diluted samples were transferred Into 25 ml sterile polypropylene sample tubes and stored at 4°C 
until analysis. Reagent blanks were prepared by pipetting 5 ml of concentrated nitric add In 
teflon bomb digestion vessels, and including them In the sample preparation procedures. NIST 
(National Institute of Standards and Technology) 1577 Bovine Liver standard reference materials 
(180 - 220 mg dry weight) were also digested and prepared simultaneously with the placenta 
samples and the reagent blanks. The procedure Is summarised in Figure 2.1.8.
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Figure 2.1.8: Analytical Preparation of Human Placenta Samples for ICP-MS Analysis
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2.1.2.3 Brain 
Sample Collection
Four anatomic regions of human foetal brains; hippocampus, cerebrum, cerebellum and 
basal ganglia were collected from postmortem examinations of stillbirths and social terminations 
from Argyll Hospital, Argyll, UK. The samples were stored. Immediately after dissection, at -20“C 
In polypropylene sample tubes. Only a limited amount of Information was provided for each case 
due to regulations of the hospital. More details on the samples are given In Chapter 5.
Sample Preparation
Bram tissues were weighed (0.1059 - 0.2771 g wet weight) Into 50 ml 
polyletrafluoroethylene (PTFE) beakers and were digested using 5 ml of concentrated nitric acid 
and 1 ml of 30% hydrogen peroxide (BDH Chemicals, Analar Grade Reagent). These were 
heated on a hot plate at 75°C for one to two hours. The clear solution obtained was transferred 
to 50 ml polypropylene volumetric flasks with copious rinsings and made up to the mark with 
deionised water. Final storage was in polypropylene containers at 4"C. Reagent blanks were 
prepared by pipetting 5 ml of concentrated nitric acid and 1 ml of 30% hydrogen peroxide In 
PTFE beakers and Including them In the sample preparation procedures. IAEA H4 Animal 
Muscle certified reference materials were also weighed (180 - 230 mg) into PTFE beakers and 
digested simultaneously with the brain samples. A summary of the procedure Is shown In 
Figure 2.1.9.
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Figure 2.1.9: Analytical Preparation of Human Brain Samples for ICP-MS Analysis
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2.1.3 Analysis of Samples bv ICP-MS
2.1.3.1 Preparation of Standards
For elemental analysis on ICP-MS, only one multi-element standard was used for 
calibration of the Instrument. It was also used to monitor any drift in the instrumental 
performance during analysis by measuring the standard solution at yarlous stages throughout the 
analytical period. Various elemental concentrations within the standard were chosen, so that they 
would approximately be similar to the leyels expected within the biological specimens. The 
concentrations were sufficiently high to ensure reasonable counting statistics, but low enough to 
minimise the possibility of memory effects within the system. Generally a stock multi-element 
standard solution was prepared first which was diluted to the required leyels on the day of 
analysis.
Stock Multi-Element Standard and Stock Standard Blank Solutions
The stock multi-element standards were prepared using single element 1000 fig ml  ^
standard solutions (BDH Chemicals) and 1% HNO3. The following elemental leyels were used In 
the stock multi-element standard solutions:
4 ng ml \  Al, Sc, V, Cr, Mn, Co, As, Mo, Cd, Sb, Ba, Ce, Pb
10 HQ m r\ Fe, Nl, Cu, 2n, Rb, Sr
50 ng ml \  Mg, P, K, Ca
A stock "standard blank" would also be prepared, wheneyer a stock multi-element 
standard solution was made, which Inyolyed using an identical polypropylene yolumetric flask and 
making It up to the mark with 1% HNO3. Both stock solutions were stored at 4”C.
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Sensitivity Standard and Standard Blank Solutions
These are the multi-element standard and standard blank solutions used in the actual 
analysis on ICP-MS. They are prepared by a hundred-fold dilution of the above stock solutions, 
giving a final elemental concentration of 40, 100 and 500 ng ml  ^ In the multi-element sensitivity 
standard.
Nitric acid was used In standard preparations to match the samples which were also
digested In nitric acid. In addition, as shown In Section 2.1.1.6, nitric acid produces
comparatively few and smaller polyatomic peaks compared with other acids. All solutions were 
prepared In polypropylene volumetric flasks which were acid washed prior and after use In 50% 
nitric acid. They were thoroughly rinsed using deionised water and finally with 1% nitric acid.
2.1.3.2 Instrumental Operating Procedures and Conditions
The operating conditions used on the VG Plasma Quad are summarised In Table 2.1.4.
The Plasma Quad was completely under computer control during analysis. However, In 
order that the analysis would be carried out, an "element menu" and "run procedure" was written 
by the analyst and stored on the hard disk of the computer. The element menu defines the 
elements and their Isotopes which are to be measured In a given scan, passing over areas in the 
periodic table where "gas" or "water" peaks are found. The run procedure defines the order In 
which samples are measured. At the start of any given "run", several readings of the standard
blank were taken, followed by measurement of the sensitivity standard solution In order to
calibrate the Instrument. Next, several measurements of the reagent blank were taken, followed 
by the "real" samples. At various times during the run procedure and after the last biological 
sample, measurement of the multi-element sensitivity standard was repeated so that Instrumental 
drift could be monitored. Between each sample (blank, standard or "real"), the system was 
washed out for a period of two minutes using 1% HNOg.
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Table 2.1.4: Operating Conditions of ICP-MS
Plasma Power/Reflected 1300/<10 W
Nebulizer Pressure 40 psi
Cooling Flow 14 L/mln
Sample Pump Rate 1.5 ml min'^
Skinner Type, Aperture Diameter Nl, 0.7 mm
Cone Type, Aperture Diameter Ni, 1.0 mm
Distance Torch/Cone 10 mm
Expansion Pressure 2.7 X 10  ^ mbar
Intermediate Pressure 2.0 X 10"* mbar
Analyser Pressure 3.5 X 10® mbar
Mass Range 6 - 2 1 1  amu
Number of Channels 2048
Number of Scan Sweeps 100
Dwell Time 320 jis
Skipped Mass Regions 11.5 - 23.5 
39 .5 -4 1 .5
79.5 - 80.5
The acquired data was stored automatically on a floppy disk, and a hard copy was 
printed out during the analysis which enabled any anomalies to be seen and dealt with 
immediately.
2.1.3.3 Data Calculation
The data accumulated on the floppy disk during the course of analysis was In the form 
of "raw" counts. A computer program namely NewPQ [141] was used to manipulate the data and 
transform the counts to concentrations In ng or p.g per ml or g of sample, for a given element.
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The principle of this calculation was as follows;
1. The changes In the sensitivity of the instrument was taken Into account using the 
various sensitivity standards (SStd) Introduced in the run. Linear drift correlation was 
performed between the two SStds before and after a set of "real" samples (normally five 
samples In a set).
2. At each position of a "real" sample, counts of a SStd at that position was determined 
using the linear correlation between the two SStds and a correction factor was 
calculated.
Counts of the Assumed SStd at the Position of the Real Sample
Correction Factor  --------------------------------------------------------------------------------------------------
(CF) Counts of the SStdf
SStdl = the first SStd In the run procedure.
3. The counts of the "real" sample (Data) was corrected using the correction factor: 
Data 1 = Data . CF
4. The concentration of the given element was then calculated as follows:
(Counts of Datai - Rbik) . DF . Concentration of the Element 
Concentration of In SStd
the Element in  ----------------------------------------------------------------------------------------------
the Real Sample (Counts of SStdl - Sbik)
(ixg g * or ng g *)
Where: Datai = Corrected Data (real sample)
RbIk = Reagent Blank 
DF = Dilution Factor
SbIk = Standard Blank
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The detection limits (DL) were also calculated by:
3 . ORbik coums • Concentration of the Element In SStdl
DL  ------------------------------------------------------------------------------
(Counts of SStdf - Sbik)
where CpMk counts is the standard deviation of the counts of the reagent blank.
The NewPQ programme also Included the correction method for the chlorine 
interference on using ®^ Cr and ®®Cr, as shown in Table 2.1.3.
2.1.4 Accuracy and Precision Measurements
The accuracy and precision of the measurements were assessed using standard 
reference materials, which were prepared and run alongside the biological samples. A reference 
material (RM) Is a material or substrate of which one or more properties are sufficiently well 
established to be used for the calibration of an apparatus or for verification of a measurement. 
The following criteria are defined as desirable properties for biological RM’s; (1) homogeneity 
better than 1% for test portions of mass greater than 1 g, (2) reproducible loss of weight when 
dried under specific conditions, (3) stable for many years during storage without segregation or 
decay, (4) available from a stock of at least 50 kg, (5) carbon, hydrogen, oxygen and nitrogen as 
major constituents of the matrix (except for hard tissues), and (6) If certified material, certification 
to be established by two or more Independent techniques [85]. Under these conditions any 
reasonable small part of a RM sample should exhibit the property value(s) established as a 
whole, within the stated uncertainty limit. A certified reference material (CRM) or a standard
reference material (SRM), the different terms used for RM’s, Is accompanied or Is traceable to a
certificate stating the property value(s) concerned, Issued by a technically competent public or 
private organisation.
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The reference materials used in this project were;
(a) Shanghai Institute of Nuclear Research (SINR) Human Hair, used whenever hair
samples were analysed.
(b) National Institute of Standards and Technology (NIST) 1577 Bovine Liver used with
placenta samples.
(c) International Atomic Energy Agency (IAEA) H-4 Animal Muscle used In conjunction with
brain samples.
The results obtained for various numbers of preparations, each analysed three times are 
listed In Tables 2.1.5 to 2,1.7, with certified or Information values where available. Each prepared 
sample was analysed three times and the Instrumental precision ranged from 0.5 to 6.1 RSD 
(relative standard deviation).
The values obtained for most of the elements In Tables 2.1.5 to 2.1.7, appear to fall 
within the range of the certified or Information values quoted for each reference material.
2.1.5 Limits of Detection
As described previously, limit of detection Is calculated using the standard devlatlon(s) of 
the blank sample multiplied by a specific factor, usually three. For each run procedure (le group 
of samples) carried out by ICP-MS, detection limits were calculated for the entire range of 
elements, using 3a of the reagent blank. The mean value of the detection limits was calculated 
and Is shown In Table 2.1.8.
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Table 2.1.5: Elemental Analysis of Biological Reference 
Material SINR Human Hair
Element This Study 
n = 8 
ICP-MS
Certified/, 
Information*
[9] n -  12 
ICP-MS
Mg 80.5 + 16 75 + 6 85.5 + 7.3
Al 9.8 + 1.4 13.3 + 2.3 9.4 + 1.8
P 134 + 6 184* 154 + 30
Ca 787 + 28 790 + 72 875 + 49
Sc 0.0068 + 0.0028 0.00287* 0.0062 ±  0.0092
V 0.066 + 0.022 0.069* 0.106 + 0.094
Cr 4.6 + 1.1 4.8 + 0.4 3.7 + 1.8
Mn 2.77 + 0.11 2.94 + 0.20 2.2 + 0.2
Fe 44 + 9 71.2 + 6.6 45 + 11
Co 0.115 + 0.015 0.135 + 0.008 0.122 + 0.112
Nl 2.9 + 0.5 3.2 + 0.4 2.6 + 0.8
Cu 20 + 5 23 + 1.4 20 ±  1.6
Zn 206 + 16 189 + 8 165 + 13
Sr 4.2 + 0.2 4.19 + 0.14 4.0 + 0.3
Mo 1.9 i  0.2 0.58* 2.0 + 0.7
Cd 0.067 + 0.019 0.095 + 0.012 0.71 + 0.040
Sb 0.38 + 0.17 0.21* 0.28 + 0.15
Ba 4.4 + 0.3 5.41* 4.5 + 0.5
Ce 0.021 + 0.004 0.029 + 0.008
Pb 5.9 + 0.8 7.2 + 0.7 6.0 ±  1.0
Values are presented as mean ±  standard deviation In jig g  ^ dry weight
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Table 2.1.6: Elemental Analysis of Biological Reference Material 
NIST 1577 Bovine Liver
Element This Study 
n = 3 
ICP-MS
Certified/, 
Information*
[87]
NAA
[86]
LA-ICP-MS**
Mg
Al
593 ±  13 
12.5 + 8
604 + 9 608 + 14 
14.7 + 1.8
Ca 128 + 11 124 + 6 132 + 24
Cr 0.13 + 0.05 0.088 + 0.012 0.09 + 0.01 0.7 + 0.4
Mn 10.4 + 3.1 10.3 + 1.0 11.1 + 1.7 9.2 + 4.0
Fe 255 + 56 268 + 8 241 + 34 145 + 66
Co 0.27 + 0.06 0.18* 0.22 + 0.01 0.01
Cu 179 + 15 193 + 10 184 + 16 208 + 42
Zn 125 + 16 130 + 13 132 + 8 127 + 18
As 0.061 + 0.003 0.055 + 0.005 0.054 + 0.002 <0.6
Sr 0.12 + 0.03 0.14* 0.18 + 0.04 0.47 + 0.24
Mo 8.9 + 0.4 3.4* 2.7 + 0.7 5.9 + 4.4
Cd 0.31 + 0.06 0.27 + 0.04 0.26 + 0.04 1.1 + 0.4
Pb 0.31 + 0.11 0.34 + 0.08 0.29 + 0.18
Values are presented as mean ±  standard deviation In {xg g * dry weight 
“ Values are presented In mean + standard error In p,g g * dry weight
73
Table 2.1.7: Elemental Analysis of Biological Reference Material 
IAEA H-4 Animal Muscle
Element This Study 
n = 4 
ICP-MS
Certified/  ^
Information* [9]n = 4 
ICP-MS
Mg 994 + 22 990 - 1110 1019 + 1 6 7
Al 1.65 + 0.18 10* 0.343 + 0.235
P 8280 + 260 10446 + 1206
Ca 206 ±  22 163 - 213 213 + 27
Fe 44 + 5 47 - 51 47 + 9
Co 0.0083 + 0.005 0.0031 + 0.001* <0.006
Cu 3.64 + 0.11 3.65 + 0.35 3.7 + 0.2
Zn 82 + 2 83 - 90 85 + 2
Rb 2 1 + 2 17 - 20 18 + 2
Pb 0.068 + 0.016 <0.025, 0.160, 0.260* <0.1
Values are presented as mean + standard deviation or 95% confidence Interval
in |ig g * dry weight
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Table 2.1.8: Detection Limits of ICP-MS Obtained in this Prelect (3g)
Element Detection Limit 
ng ml *
Mg <10
Al 1.4
P 13
K <10
Ca 15
Sc 0.06
V 0.15
Cr 0.41
Mn 0.49
Fe 11
Co 0.10
Nl 0.55
Cu <10
Zn 0.75
As 0.20
Rb 0.22
Sr 0.23
Mo 0.81
Cd 0.43
Sb 0.06
Ba 0.12
Ce 0.08
Pb 0.84
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2.2 Amino Acid Analysis
Amino acid analysis In general has received much attention because of Its importance in 
biological sciences and virtually all chromatographic techniques have been applied for this 
purpose. In principle separations are based on the charge or on hydrophobicity differences. Due 
to the vast number of possible applications of amino acid analysis, none of the available 
techniques will fit all demands. Any technique exhibits particular advantages and disadvantages. 
Profiling of amino acids Is of great Importance today and has found broad applications In clinical 
practice. In addition to diagnosis, the analysis of amino acids allows prolonged dietary treatment 
of the disorders to be followed and offers the possibility of prevention of hereditary disorders of 
amino acid metabolism In both pre-marital and pre-natal stages.
Most amino acids, with some exceptions such as the aromatic types, cannot be 
detected unless derivatlsed. Therefore, they nearly always have to be converted Into suitable 
derivatives, either before or after their chromatographic separation. In general, one can either 
separate underlvatlsed amino acids by cation-exchange chromatography with an additional 
post-column derivatlsatlon reaction or to convert the amino acid Into suitable derivatives before 
separation and to run the separation In the reverse mode using commercial high performance 
liquid chromatography (HPLC) equipment. The choice Is considerably Influenced by the 
equipment available and if the separations are carried out with adequate precautions, both can 
offer excellent results.
Amino acids have been analysed by forming 5-dimethylamlnonaphthalenesulfonyl 
(dansyl) or phenythlohydantlon (PTH) derivatives that can be separated on slllcagel or reverse 
phase columns and detected at low concentrations [146,147,148,149,150,151,152]. However, 
dansyl derivations generally require removal of reaction solvents and use of two columns for 
HPLC analysis. The lengthy preparations required for PTH derivations limits their usefulness for 
routine amino acid analysis. o-Phthaldlaldehyde (OPA) on the other hand reacts with amino 
acids In aqueous solutions In the presence of reducing agents such as 2-mercaptoethanol 
(MERC) and forms fluorescent derivatives which are well suited to the analysis of complex
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biological mixtures [135,147,153,154,155,156]. The derivatlsatlon procedure Is simple and 
pre-column formation of the derivatives, followed by HPLC separation, reduces chromatographic 
analysis time to about one third of that required for Ion exchange amino acid analysers and 
provides greater sensitivity than post-column ninhydrin detection [146,157]. However OPA does 
not react with amino acids such as proline and hydroxyprollne, secondary amines, to form 
fluorescent compounds [154].
After the pre-column OPA derivatlsatlon procedure, separation Is generally carried out In 
the reverse phase mode (Cg or Ci@), followed by fluorescent detection.
In this work amino acids In foetal human brain samples were analysed by pre-column 
OPA/MERC derivatlsatlon, followed by separation on p-Bondapak C^ g and Supelcosil LC18 
columns, using fluorescent detection.
2.2.1 Instrumentation
High Performance Liquid Chromatograohv (HPLC)
The components of a typical HPLC system are shown In Figure 2.2.1. The column 
10 - 30 cm long, contains a small particle packing material, and solvent Is pumped down the 
column at a flow rate of 1 - 3 ml min*. The solutes In the eluate are assayed with a suitable 
detector and the output Is recorded. Each component Is discussed In the paragraphs that follow 
[73,157,158].
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2.2.1.1 Mobile Phase Reservoirs and Solvent Treatment Systems
Modern HPLC systems are equipped with one or more generally glass reservoirs, each 
of which contains 500 ml or more of a solvent. Dissolved gases - usually oxygen or 
nitrogen - that Interfere by forming bubbles in the column and the detection system are removed 
from the solvent by degassing. Normally, degassèé consist of systems for sparging, in which the 
dissolved gases are swept out of the solution by fine bubbles of an inert gas of low solubility 
such as helium. Often the systems also contain a means of filtering dust and particulate matter 
from the solvents. For added precaution, solvents are filtered through a millipore filter under 
vacuum before introduction into the reservoir. This treatment removes gases as well as 
suspended matter.
2.2.1.2 Gradient Formers
A separation that employs a single solvent of constant composition is termed an 
"isocratic" elution. Frequently, with complex biological mixtures, efficiency of the separation is 
greatly enhanced by "gradient" elution. This employs two or sometimes more solvent systems 
that differ significantly in polarity. After elution is begun, the ratio of the two solvents is varied in 
a programmed way, sometimes continuously and sometimes in a series of steps. Most HPLC 
systems are equipped with devices that introduce solvents from two or more reservoirs into a 
mixing chamber at rates that vary continuously; the volume ratio of the solvents may then be 
altered linearly or exponentially with time.
2.2.1.3 Pumping System
Reciprocating pumps, Figure 2.2.2, are currently most widely used pumps in HPLC. 
They usually consist of a small volume chamber in which reciprocating pistons work directly on 
the solvent. As an alternative, pumping action may be transmitted to the solvent by a hydraulic 
fluid using a flexible diaphragm. These pumps have the disadvantage of producing pulsed flow, 
which is manifested as base-line noise on the chromatogram. Therefore some type of damping
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is usually employed The advantages of reciprocating pumps include; their small internal volume 
(35 - 400 \l\), their high output pressures (up to 10000 psi (Ibin ^ )), their ready adaptability to 
gradient elution and their constant flow rates which are largely independent of column back 
pressure and solvent viscosity.
Figure 2.2.2: Reciprocating Pump 1731
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reserve Motored
piston
Seal
Seal
Spring-
loaded
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piston
Nonreturn
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Solvent
inlet
2.2.1.4 Sample Introduction
Nowadays the most widely used sampling devices are sampling valves or loops. These 
devices are often an integral part of HPLC systems and have interchangeable loops providing a 
choice of sample sizes from 5 to 500 pi. They allow the sampie to be introduced reproducibly 
into a pressurised column (up to 7000 psi) without significant interruption of the flow. The 
principle involved in loop injections requires filling a small sample loop with sample via syringe. 
By valve switching the sample in the loop is displaced by diverting the flow of mobile phase 
through the loop and onto the column.
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2.2.1.5 Separating Columns
The majority of columns range in length from 1 0 - 3 0  cm. Stainless steel tubing is  
normally used for HPLC columns in order to withstand high pressures. Straight columns are 
preferred with inside diameters of 4 - 10 mm and packings of 5 - 10 pm particle size.
Preceding the separation column, a short 5 cm protection column is used to adsorb or 
filter out unwanted material. These units are called guard columns, which are by design 
expendable and are periodically repacked, replaced or reconditioned. Guard columns can 
decrease detector background, improve separation, and extend column lifetimes by preventing 
contamination of the expensive separation column.
2.2.1.6 Detectors
There is no universal detector for HPLC that possesses all the necessary attributes that 
are required for a completely versatile liquid chromatograph. Therefore it is necessary to select a 
detector on the basis of the problem at hand. In this work due to fluorescent properties of :I
OPA/MERC amino acid derivatives, a fluorescence detector was employed. \
In most fluorescence detectors, fluorescence is observed by a photoelectric detector at 
ninety degrees to the excitation beam. Some instruments use a continuously variable ;
monochromator with a deuterium or tungsten lamp which enables the operator to select excitation 
wavelengths. The detection system consists of an end-on photomultiplier tube with appropriate 
secondary filters to transmit the fluorescence signal and reject the excitation wavelength.
Figure 2.2.3 shows the basic components of a fluorometer.
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Figure 2.2.3: Basic Components of Fluorescence Instrumentation r731
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2.2.2 Experimental Procedures
Twenty-four foetai brain samples were analysed using the HPLC technique proposed by 
D W Hill [160]. This involved pre-column OPA derivatisation and amino acid separation on a 
p-Bondapak C,o column. The column lasted eight months of continuous usage and needed 
replacement. Due to difficulties encountered in obtaining this column the first time (ie it was 
exchanged three times due to unsatisfactory performances and also the fact that only twelve 
amino acid peaks were resolved and quantified in forty-five minutes with this technique), a new 
method was chosen for the rest of the analysis. This technique was proposed by E G Perkins 
[161] and utilised Supelcosil LC18 (5 pm packing) column. Fifteen amino acids were resolved 
and quantified with this technique in a shorter analysis time of twenty-seven minutes.
2.2.2 .1 Apparatus
The HPLC equipment consisted of:
Solvent Delivery System; SP8700 Control Module and Solvent Tray; Spectra-Physics Ltd, 
Boundary Way, Hemel Hempstead, Herts, HP2 7SH.
Pump; SP8700 Pump Module, Spectra-Physics Ltd.
Sample Injector; Rheodyne Injection Valves; Alltech UK, Units 6-7, Kellet Road Industrial Estate, 
Kellet Road, Carnforth, Lancashire, LA5 9XP.
Organiser Module; (Holds the column and the injector); Spectra-Physics Ltd.
Columns; p-Bondapak C^ g, 30 cm x 3.9 mm (internal diameter); Millipore Ltd, The Boulevard, 
Ascot Road, Croxley Green, Herts, WD1 8YW.
Supelcoil LC18, 15 cm x 4.6 mm (internal diameter); Supelchem, R B Radley & Co Ltd, 
London Road, Sawbridgeworth, Herts, CM1 9JH.
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Fluorescence Detector; LS-3 Fluorescence Spectrometer; Perkin-Elmer Ltd, Beaconsfield, 
Buckinghamshire, England.
7500 Professional Computer and GP-100 Graphics Printer; Perkin-Elmer Ltd.
2 .2.2.2 Materials and Reagents
Amino acid standard solution (Sigma Chemical Co Ltd, Fancy Road, Pooie, Dorset, BH17 7TG, 
UK), containing the following amino acids in 0.1 M HCI;
1.25 pmoles mi  ^ - L - Cystine
2.5 pmoles ml  ^ - L - Alanine, L - Arginine, L - Aspartic Acid, L - Glutamic Acid, L - Histidine,
L - Isoleucine, L - Leucine, L - Lysine, L - Methionine, L - Phenylalanine,
L - Proline, L - Serine, L - Threonine, L - Tyrosine, L - Valine
o-Phthaldialdehyde Reagent Solution, 2-mercaptoethanol; (Sigma Chemical Co Ltd).
Methanol HPLC Grade; May & Baker Laboratory Products, Liverpool Road, Eccles, Manchester, 
M30 7RT, England.
Acetonitiile (CH^CN) HPLC Grade; May & Baker Laboratory Products.
Water HPLC Grade; May & Baker Laboratory Products.
Tetrahydrofuran (THF) HPLC Grade; Fisons pic, FSA Laboratory Supplies, Bishop Meadow Road, 
Loughlxjrough, Leics, LE11 ORG, UK.
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2.2 2.3 Preparation of Solutions 
Borate Buffer
A saturated solution was prepared using 150 g boric acid (BDH Ltd, Broom Road, 
Poole, Dorset, BH12 4NN, England) in 1000 ml of HPLC grade water. The pH was adjusted to
9.5 with NaOH after filtration.
Concentrated Phosphate Buffer fO.0500 M)
A weight of 3.519 g of anhydrous disodium hydrogen phosphate (NagHPO^, BDH Ltd) 
was dissolved in 500 ml of HPLC grade water, to make a 0.0500 M NagHPO^ solution. The pH 
was then adjusted to 7.2 with concentrated HCi.
Diluted Phosphate Buffer for HPLC (0.0125 M)
Daily 250 ml of 0.0500 M solution were diluted to 1000 ml and then filtered through 
0.45 pm membrane filter (Millipore Ltd, The Boulevard, Ascot Road, Croxley Green, Herts, WD1 
8YW). The resulting solution (0.0125 M Na^HROJ was then used for the HPLC method utilising 
p-Bondapak C,e column.
Sodium Acetate (NaC.H,OJ Solutions (0.02 M)
The mobile phases used for the HPLC method employing Supelcosil LC18 were 
prepared as follows;
(A) Anhydrous NaCgHgOg (BDH Ltd), 1.6406 g, was dissolved in a mixture of 25 ml of THF 
and 200 ml of HPLC grade methanol and made up to 1000 ml with HPLC grade water. 
The pH of the solution was adjusted to 5.9 using acetic acid (FSA Laboratory Supplies).
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(B) Anhydrous NaCgH^Og (BDH Ltd), 1.6406 g, was dissolved in a mixture of 25 ml of THF
and 800 ml of HPLC grade methanol and made up to 1000 ml with HPLC grade water. 
The pH was adjusted to 5.9 using acetic acid.
Both solutions were filtered through 0.45 pm membrane filters (Millipore Ltd) before use.
HCIO. Solution (0.08 M) Containing 0.2 mM Ethvlenediaminetetra-acetic Acid (EDTA) and 7.5 mM 
Phenvlglvcine flnternal Standard)
This solution was prepared by dissoiving 0.0584 g of EDTA (BDH Ltd), 1.135 g of 
phenylglycine (Aldrich Chemicais Co Ltd, The Oid Brickyard, New Road, Gillingham, Dorset, SP8 
4JL, England) and 9.3 ml of HCIO4 (70% Analar Grade, BDH Ltd) in 1000 ml of HPLC grade 
water. It was used in the amino acid extraction of human foetal brain tissues.
Potassium Hydroxide (KOH) Solution (0.5 M)
A weight of 2.8055 g of KOH pellets (BDH Ltd) were weighed accurately, transferred to 
a 100 ml volumetric flask and dissolved in 100 ml of HPLC grade water.
Sodium Bicarbonate (NaHCOJ Solution (0.12 M)
A weight of 1.008 g of NaHCOg (BDH Ltd) was weighed and dissolved in 100 ml of 
HPLC grade water in a 100 ml volumetric fiask.
2.2.2.4 Instrumental Conditions
(a) Conditions Using u-Bondaoak C» Column
Column; p-Bondapak C,b, 30 cm x 3.9 mm (internal diameter), Millipore Ltd.
Guard Column; C,g Guard Column, Supelchem.
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Detector; Fluorescence Detector, Perkin-Elmer Ltd.
Fixed Scale 4.0.
Excitation Wavelength 229 nm.
Emission Wavelength 470 nm.
Injection Voiume; 10 pi (injection loop).
Flow Rate; 2 ml m in \
Mobile Phase; A - 0.0125 M NagHPO„ (diluted phosphate buffer).
B - CHgCN (acetonitride).
Gradient Eiution; Linear program from 9 to 49% (solvent B/A), 45 minutes duration with 
a 5 minutes isocratic hold at 15 minutes from Initiation of the program.
(b) Conditions Using Supelcosil LC18 Column
Column; Supelcosil LC18 (5 pm packing), 15 cm x 4.6 mm (internal diameter); 
Supelchem.
Guard Column; Supelcosil LC18 (5 pm packing); Supelchem.
Detector; Fluorescence Detector; Perkin-Elmer Ltd.
Fixed Scale 8.0.
Excitation Wavelength 229 nm.
Emission Wavelength 470 nm.
Injection Volume; 10 pi (injection loop).
Flow Rate; 1.5 ml min'L
Mobile Phase; A - 0.02 M Sodium Acetate (pH to 5.9 w/HAC) containing 2.5% THF and 
20% methanol.
B - 0.02 M Sodium Acetate (pH to 5.9 w/HAC) containing 2.5% THF and 80% 
methanol.
Gradient Eiution; Two minutes at 100% A then to 100% B in 25 minutes.
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2.2.2.S Internal Standard
The highest precision for quantitative chromatography is obtained by use of internal 
standards, because the uncertainties introduced by sample injection are avoided. The internal 
standard has to be a component that can be completely resolved, is not present in the unknown 
mixture and does not have any interference effects. A carefully measured quantity of an internal 
standard substance Is introduced into each standard and sample, and the ratio of analyte to 
internal standard peak areas or heights serves as the analytical parameter.
The following compounds were tested for their suitability as an internal standard;
(i) Homophenylalanine; 2 - amino - 4 - phenylbutyric acid (Aldrich Chemicals Co Ltd, The 
Old Brickyard, New Road, Gillingham, Dorset, SP8 4JL, England), 
r CHg - CHg - CH - COOH 
N H g
Ornithine hydrochloride; 2.5 - diamino pentanoic acid (Aldrich Chemicals Co Ltd).
COOH - CH - CHg - CHg - CH, - NHg 
I
NHg
Phenylserine; 2 - amino - 3 - hydroxy-3-phenylpropanoic acid (Aldrich Chemicals Co 
Ltd).
CHOH - CH - COOH 
I
NHg
(iv) Phenylglycine; amino phenylacetic acid (Aldrich Chemicais Co Ltd).
CH - COOH 
INK
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(v) Norleucine; 2 - aminohexanoic acid (Aldrich Chemicals Co Ltd).
CHg(CHg)gCH(NHg)COOH
(vi) Norvaline; 2 - aminopentanoic acid (Aldrich Chemicals Co Ltd).
CHgCHgCHgCH(NHg)COOH
(vii) 2 - aminoisobutyric acid (Aldrich Chemicals Co Ltd).
CHgCHgCHNHgCOOH
Except for phenylglycine, the peaks from all the other compounds interfered with amino 
acid peaks under analysis. Figures 2.2.4 and 2.2.5 show the chromatographs obtained using 
p-Bondapak C^ g column and Supelcoil LC18 column respectively, for separation of the amino 
acids in the standard solution (Sigma Chemicals Co) plus phenylglycine as an internal standard.
2.2.2.6 Treatment of Samples and Amino Acid Standard Solution Prior to Analysis bv HPLC
Extraction of Amino Acids from Human Foetal Brain Samples
The extraction technique proposed by E Westerberg [162] was employed in this project. 
However it was discovered that two sequential extractions were required for a complete extraction 
of the amino acids from the brain tissues. Therefore the method was modified accordingly.
Brain samples were weighed (0.06 g - 0.3 g wet weight) into polypropylene centrifuge
tubes. A 0.75 ml aliquot of 0.08 M HCIO^ solution containing 0.2 mM EDTA and 7.5 mM
phenylglycine was added to each sample. The tissues were homogenised using a soniprobe 
(Status, Northern Media, Sainsbury Way, North Humberside, HU13 9NX, England). The samples 
were kept In an ice box during homogenisation. The homogenised sample was centrifuged (MSE 
Microcentaure Centrifuge, Bishop Meadow Road, Loughborough, Leics, LE11 ORE, England) for 
ten minutes at 15000 rpm. The supernatant liquid was transferred to a sample tube and the 
extraction procedure was repeated for a second time using the HCIO4 solution. The second
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Figure 2.2.4: HPLC Chromatograph of OPA Derivatised Amino Acid Solution f10 u \ )
Including Phenvlglvcin as Internal Standard fu-Bondaoak C.„ Column)
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Figure 2.2.5: HPLC Chromatograph of OPA Derivatised Amino Acid Standard Solution (10 uO
including Phenvlglvcine as Internal Standard fSupeicosii LC18 Column)
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extract was also added to the first one. The final volume of 1.5 ml was neutralised with 1:1 
volume of 0.5 M KOH and 0.12 M NaHCOg solutions (0.12 ml/ml extract). The neutralised 
extracts were stored at -20°C until analysis.
Figure 2.2.6 shows a schematic diagram of the amino acid extraction procedure from 
human brain tissue.
Derivatisation of Samples Prior to HPLC Analysis
The extracts were diluted to give an overall dilution of fifty fold prior to derivatisation, 
ie 0.1 ml of the extract was diluted to 5 ml using HPLC grade water. The diluted extract was 
then passed through a 0.2 pm membrane filter (Millipore Ltd).
(a) Derivatisation for Analysis bv u-Bondapak C,n Column
A 1 ml portion of the filtered solution was pipetted into a 5 mi volumetric flask. 1 ml of 
borate buffer and 0.5 ml of OPA derivatising reagent was added to the sample and made up to 
the mark with HPLC grade methanol. After standing at room temperature for one minute, the 
solution was Injected into the HPLC system.
(b) Derivatisation for Analysis bv Supelcosil LC18 Column
A 1 ml aliquot of the filtered solution was pipetted into a 5 ml volumetric flask and 
0.5 ml of the OPA reagent solution was added to the sample. This was then made up to the 
mark using 0.02 M sodium acetate solution containing 2.5% THF and 20% methanol (mobile 
phase A). After standing at room temperature for one minute, the solution was injected into the 
HPLC instrument.
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Figure 2.2.6: Schematic Diagram of the Amino Acid Extraction Technique 
from Human Brain Tissue
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Derivatisation of the Amino Acid Standard Solution
(a) Derivatisation for Analysis bv u-Bondapak C,. Column
Aliquots of 5, 10, 15 and 20 pi of the amino acid standard solution (Sigma Chemical
Co) were each transferred into a 5 ml volumetric flask using a 25 pi syringe. 1 ml of fifty times
diluted extracting solution containing 0.0016 M HCIO^, 0,004 M EDTA and 0.15 mM phenylglycine 
(internal standard), 1 mi of borate buffer and 0.5 ml of OPA derivatising reagent solution were 
also added to each of the volumetric flasks and made up to the mark with methanol. They were 
allowed to stand for one minute at room temperature before injection.
(b) Derivatisation for Analysis bv Supelcosil LC18 Column
Aliquots of 5, 10, 15 and 20 pi of the amino acid standard solution (Sigma Chemical
Co) were each transferred to a 5 ml volumetric flask. 0.5 ml of OPA reagent solution and 1 ml
of the fifty times diluted perchloric acid solution containing 0.15 mM phenylglycine were also 
added to each volumetric flask and made up to the mark with mobile phase A (0.02 M sodium 
acetate solution containing 2.5% THF and 20% methanol). They were each allowed to stand for 
one minute at room temperature before analysis.
Figure 2.2.7 shows a schematic diagram of the sample and standard derivatisation steps 
for amino acid analysis by HPLC.
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The instrument was calibrated daily with the series of different concentrations of the 
derivatised amino acid standard solution. Tripiicate anaiysis of each sample was then carried out. 
The following amino acids were determined in the brain samples;
(a) Using p-Bondapak Cia Column;
Aspartic acid (Asp), Glutamic acid (Glu), Serine (Ser), Histidine (His), Alanine (Aia), 
Arginine (Arg), Tyrosine (Tyr), Valine (Val), Methionine (Met), Isoleucine (Isoleu), 
Leucine (Leu) and Phenylalanine (Phala).
(b) Using Supelcosil LC18 Column;
Asp, Glu, Ser, His, Thr, Gly, Ala, Arg, Tyr, Met, Val, Phala, isoleu. Leu and Lys.
Figures 2.2.4 and 2.2.5 shown already are examples of chromatographs obtained from 
an amino acid standard solution (10 pi standard solution diluted to 5 ml, ie 0.005 pmoles ml  ^
amino acid solution) using p-Bondapak C^ g and Supelcosil LC18 columns respectively. 
Figures 2.2.8 and 2.2.9 are examples of chromatographs obtained for extracted amino acids of 
human brain sampies using p-Bondapak C^ g and Supelcosil LC18 columns respectively.
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Figure 2.2.8: HPLC Chromatograph of OPA Derivatised Amino Acids Extracted
from a Human Foetal Brain Tissue ^u-Bondaoak C,. Column)
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Figure 2.2.9: HPLC Chromatograph of OPA Derivatised Amino Acids Extracted
from a Human Foetal Brain Tissue (Supelcosil LC18 Coiumn)
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2.2.27 Data Calculations
The most common method of quantitative chromatographic analysis involves the 
preparation of a series of standard solutions that approximate the composition of the unknown. 
Chromatograms for the standards are then obtained and peak heights or areas are plotted as a 
function of concentration. A plot of the data should yield a straight line passing through the 
origin, anaiysis are based upon this plot. Frequent restandardisation is necessary for highest 
accuracy.
The instrument was calibrated daily using 0.0025, 0.005, 0.0075 and 0.01 pmoles m^ 
amino acid standard solution. From the calibration graph of concentration against % Height 
Amino Acid/% Height internal Standard Peaks, the concentrations of the amino acids in diluted 
brain extract (X) were determined.
The samples had undergone an overall of seventy-five times dilution, therefore:
Final concentration of X * 75
amino acid in brain = ----------------------------
tissue (pmoles/g) Weight of brain (g)
2.2.3 Linearitv of HPLC Methods
The HPLC techniques using both columns were found to be linear for all the amino 
acids up to 0.01 pmoies m l\ The amino acid levels in diluted samples were all below this 
concentration.
2.2.4 Precision Measurements
Tripiicate analysis of a "real" sample gave relative standard deviations (RSD) of less 
than 10% and 9% using p-Bondapak C ,q and Supelcosil LC18 columns respectively.
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Reproducibility of Derivatisation Technique
A 10 pi aliquot of amino acid standard solution was derivatised and analysed five times. 
It was found that for all amino acids the RSD were less than 12% and 9% for HPLC techniques 
using p-Bondapak C^ a and Supelcosil LC18 columns respectively.
Reproducibility of the Overall Extraction and Analysis
Samples from a homogenised pig brain tissue were used to determine the reproducibility 
of the overall extraction and anaiysis techniques. Amino acids from four samples were extracted 
and analysed. The RSD of the results for all amino acids were below 19% using both columns.
2.2.5 Limits of Detection (LCD)
The detection limits were calculated using the calibration graphs [159]. The LCD is the 
analyte concentration, x, giving a signal equal to the blank signal, yae, plus three times standard 
deviation of the blank, Sg.
x at y = ys + 3Sq where y^  = intercept of the regression line
Z *
(yi-y)
y, = signal obtained for a concentration x,
and y = calculated signal from the regression line for 
a concentration x,
By determining y, using the regression equation, the LOD for each amino acid was 
calculated. The detection limits obtained for both techniques using p-Bondapak C^ a and 
Supercosil LC18 columns are shown in Tables 2.2.1 and 2.2.2 respectively.
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In summary LOD Is calculated as follows;
(yi-y)
n - 2
a = ye 
y “ ye 3sg
y = a + b X
y - a
'  X =
(1)
(2)
(3)
(4)
(5)
regression line, where 
a = intercept, b = slope of 
the regression line
Substitute equations (2) and (3) in (5)
(LOD) X =
3s.
Signal*
xi, yi*
X
LOD
Concentration
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Table 2.2.1 : Limits of Detection of Amino Acids Using
u-Bondaoak C» Column (HPLC Analysis)
Amino Acid Limit of Detection 
(nmoles ml ')
Aspartic Acid 0.64
Glutamic Acid 0.70
Serine 0.80
Histidine 0.80
Alanine 0.86
Arginine 0.76
Tyrosine 1.1
Valine 1.4
Methionine 1.2
Isoleucine 0.86
Leucine 0.70
Phenylalanine 0.22
Amino Acids are tabulated In the order of elution
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Table 2.2.2: Limits of Detection of Amino Acids Using
Supelcosil LC18 Column (HPLC Analysis)
Amino Acid Limit of Detection 
(nmoles ml ')
Aspartic Acid 0.96
Glutamic Acid 2.5
Serine 0.64
Histidine 0.68
Threonine 0.04
Glycine 0.36
Alanine 0.64
Arginine 0.18
Tyrosine 1.2
Methionine 0.4
Valine 0.52
Phenylalanine 0.32
Isoleucine 0.7
Leucine 0.9
Lysine 1.2
Amino Acids are tabulated in tne order of elution
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CHAPTER 3
HAIR
104
3.1 Introduction
Hair is known to have protective, sensory and heat regulatory functions in mammals. It 
has also been suggested that hair acts as a minor excretory organ, possibly for toxic elements 
[1631.
The structure of hair is summarised as being composed of epithelial cells arranged In 
three layers (Figure 3.1.1); (a) cuticle, (b) cortex, and (c) medulla [164,165]. The hair is 
produced by the multiplication of the cells above and around the papilla, an upward growing 
finger of connective tissue, at the bottom of the soft bulb shaped follicle In the dermig» The 
follicle and their glands are nourished by the blood vessels surrounding them. It has been
are resting. Blood stream also supplies the substances needed for kératinisation.
There are three main phases in the hair growth cycle (Figure 3.1.2).
1. Anagen - when follicle regeneration and active hair growth occurs.
2. Catagen - which is the retrogressive stage, where cells of the matrix rapidly degenerate
and the follicle shrinks down, leaving a small focus of relatively undifferentiated
multipotential cells from which the new follicle forms when next growth phase begins. 
During this phase the part of the follicle surrounding the base of the hair is lost, the hair 
develops a club shaped proximal swelling and in a sense dies.
3. Telogen - which is the inactive, resting period when the hair is rather easily dislodged
and often falls out.
There are three main types of hair growth cycle; seasonal, wave and mosaic. Mosaic 
replacement occurs In guinea pigs and man. In this type hairs are replaced irregularly and each 
follicle has its own cycle which is apparently independent of that of its neighbour. More recent 
research, however has suggested that mosaic is brought about by the existence of different 
follicle types which are in the same phase of growth at the same time. The growth cycle in this 
type of replacement can last well over a year, particularly in man where estimates of the duration
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observed that vessels are associated with the follicles during their growth than when the follicles i
Figure 3.1.1: Schematic View of Hair f164l
cuticle
cortex
medulla
cuticulor
scales
0.1 m m
Figure 3.1.2: Diagram of a Hair Growth Cycle: fa) Anaoen. 
(b) Catagen and (c) Telogen 11631
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of cycle ranges from eighteen months to seven years. Since at any one time about 90% of the 
scalp follicles are active, 10% at telogen stage and 1% at catagen phase, the period of growth is 
long and the period of rest short. The rate of growth of hair has been reported to be 0.3 - 0.45 
mm/day, slightly more in females than in male individuals generally [166].
Hopps [164] has proposed six possible sources of trace elements in hair (Figure 3.1.3).
1. The matrix and connective tissue papilla (with its blood and lymph vessels) are the 
source of those trace elements that become Incorporated in the hair during its formation.
2. The sebaceous gland is a source of trace elements derived from body tissues to which 
the hair is continually exposed (main components; fat and epithelial dermis, an oily 
secretion).
3. Eccrine sweat glands secrete a predominantly aqueous solution, ie sweat, which as with 
the sebum produced by sebaceous glands is a continuing source of trace elements 
derived from bodily tissues.
4. Aprocrine glands represent a special type of sweat gland that secretes a milky fluid, rich 
in lipids. In human beings they are found principally in the axillary, pubic and perianal 
areas, they are not found in the scalp (except in an imperfectly developed state). They 
too, are a continuous source of endogenous materials.
5. The epidermis, is continually desquamating and when incorporated in sebum and/or 
secretions from sweat glands may come into intimate contact with the hair. It is 
therefore considered to be a possible (minor) source of trace elements derived from 
bodily tissue to which hair is continually exposed.
6. Exogenous materials containing trace elements to which the hair is or may be exposed 
include;
(a) air and water,
(b) soaps, shampoos, oils, dyes, etc, and
(c) medications.
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Figure 3.1.3: Sources of Trace Elements Found in Hair [1641
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A summary of the elemental levels reported In the literature Is listed In Tables 3.1.1 and
3.1.2.
Hair analysis is nowadays widely used for:
1. Direct monitoring of environmental pollution or Intake of toxic metals [173,176,168,181, 
186,187,188,189].
2. Giving dietary and other health care advice by commercial laboratories [190,191].
3. Monitoring nutritional status [170,173,177,192].
4. Diagnosis of elementally related diseases [193,194,195,196].
5. Forensic application - using the concept that the trace element profiles can help 
establish the commonness of origin of two species [197,198].
In general possible specimen sources that are used to obtain information on the body’s 
accumulation and status of elements include blood, urine, hair, teeth and nails. However, urine 
gives Information on what the body has lost, not on what it has retained, teeth are rarely used 
because they are not readily available, except for children where the displacement of milk teeth 
provides the opportunity of investigating the mineral status during infant deveiopment [199], littie 
is known about nails - neither the normal range of elements present, nor whether nails are likely 
to be contaminated by external contact. The other two possibilities are blood and hair. The two 
methods reflect body elemental status over different scales of time. Element concentrations in 
blood are transient, reiated to the supply of elements in the previous hours or days. In contrast, 
hair Is assumed to provide a lasting record of levels over the previous few months. Blood is a 
complex bodily fluid in composition, consisting of several parts, all of which exhibit different 
concentrations of trace elements. Concentrations may be measured in whole blood, plasma, 
serum, leucocytes or erythrocytes. Each part of blood is moreover, a further complex mixture of 
proteins, porphyrins, sugars, inorganic ions (K*, Na^, Ca^ "^  and C i) and a host of other 
substances. Another difficulty is that the trace elements are not fixed in each part,. but are 
constantly being transferred from one to another.
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Table 3.1.1: Information on References Used for Table 3.1.2
Reference Method of Analysis Type of 
Hair
Sex Age
Range
167(a) AAS SH F 1 - 69
168 AAS SH F
169 AAS PH F (pregnant)
170 AAS SH F (pregnant)
171 AAS SH F (18-22 week 
of pregnancy)
172 AAS SH F (at term)
167(b) AAS SH M 1 - 102
173 NAA SH M 12 - 16
174 AAS SH M
175 INAA SH F & M Adult
176 AAS SH F & M
177 JljComfjtexation
Spectrophotometry
SH F & M 4
178 NAA SH F & M
179 AAS. ICP-AES 
XRF, PIXE, NAA
SH F & M
180 INAA SH F & M
181(a) NAA SH F & M (Bulgaria) 3 - 53
181(b) NAA SH F & M (England) 4 - 68
181(c) NAA SH F & M (New Zealand) 3 - 72
182 AAS, AES, CAT, 
SAS, XRF, NAA, MS
F & M
183 FAA, ICP-AES SH
184 PiXE SH
185 AAS SH
SH - Scalp Hair 
PH - Pubic Hair
F - Femaie 
M - Maie
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However Zn status assessment in a report by Carpentieri et al [200] has been advised to 
be based on the evaluation of either white or red blood cells Zn content, both of which have 
been reported to change slower than levels of Zn in serum or plasma. A treatment of four to five 
days duration may modify the serum level of Zn but it Is not sufficient to change appreciably any 
enzyme activity. Given the difficulties with the use of blood, hair has received consideration as 
an alternative.
The advantages of using hair as a monitoring tool are as follows [169,190,196,197].
1. It is readily obtained, without any need for medical supervision.
2. It is a stable tissue which can be conveniently stored.
3. Hair elemental content is normally higher than body fluids normally analysed such as
blood and urine, making analysis of hair a less complicated procedure.
4. Hair is a conveniently handled solid sample and can easily be analysed by techniques
such as NAA and X-ray emission.
However there are still doubts on the assumption that hair analysis reflects "body status". 
There have been a number of criticisms on the usage of hair as a diagnostic tool. Variations 
have been noticed across the scalp [163]. The effectiveness of the washing procedures prior to 
analysis have been questioned. Washing hair samples prior to analysis has been used to 
remove dust, dirt and other surface contamination of the trace element content [145]. 
Chittieborough [201] and Cornelius et ai [202] have suggested that comparison of washed and 
unwashed hair samples can be used to obtain information concerning associated endogenous 
and exogenous trace elements. Chittieborough also suggested that the knowledge of the 
separate contributions of both endogenic and exogenic sources may be useful to environmental 
scientists and the levels of endogenous trace elements in hair may be useful to scientists 
concerned with human biology. A wide range of washing procedures have been described, from 
deionised water to complicated procedures involving organic solvents, detergents and chelating 
agents such as hexane-ethanol wash, acetone-ether-sodium lauryl sulphate wash, Triton X-100 
and boiling EDTA wash [181,203,204]. However, some agents have been reported to remove 
more elements than others. The sequential washing with acetone, water and acetone is the
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procedure currently recommended by IAEA [145]. While it is probably adequate for the removal 
of surface dust and dirt, there is no confirmation that it will efficiently remove exogenous trace 
elements from the hair while leaving endogenous trace elements completely undisturbed. Hair 
treatments such as bleaching, dyeing, usage of shampoos and hair sprays have been shown to 
effect the elemental levels in hair [190,205]. Age, sex, race, geographical location, season of the 
year, colour, diameter, rate of growth of an individual’s hair and pregnancy-iactation have also 
been shown to effect the concentrations of elements in hair [167,206,207].
Despite the criticisms, numerous reports have been documented on the usefulness of hair 
analysis. For example in the complex Se related disorder, Keshan disease. Se content of hair 
samples obtained from people living in the affected region has been shown to reflect dietary 
selenium intake [197]. Concentration of Pb in hair has also been found to be lowest in rural 
population groups, higher in urban groups and highest in individuals who live close to Pb smelter 
[196].
Commercial hair analysis is increasingly being used to assess general health condition In 
conjunction with beauty consultants, chiropractors, nutrition consultants and other practitioners. 
Most of those offering this service suggest that hair analysis provides valuable clues to diagnosis 
of a wide variety of prescribing supplements. A study reported by Barrett [191], documents that 
reported levels of most minerals varied considerably between identical samples sent to the same 
laboratory and from laboratory to laboratory. For most minerals, laboratory standards of "normal" 
or "usual" varied so much from laboratory to laboratory that a given mineral value even if 
accurately measured, might have been considered low by some laboratories, normal by others 
and high by some others. Table 3.1.3 shows example of range of "normal values" from 
laboratories and how "low" and "high" values overlap as reported by Barrett. Supplement 
recommendations were also inconsistent. The discrepancies were explained by the fact that the 
analytical techniques were not validated against standard reference materials and "normal", "low" 
and "high" ranges of hair minerals have not been universally established.
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Hair being one of the most commonly used diagnostic tools nowadays, for assessing the 
elemental deficiency or toxicity state of women who are either pregnant, or are planning to have 
a child or have had problems during pregnancy, it was decided to investigate some aspects of 
elemental analysis of human hair, in this study, it was attempted to (a) evaluate ranges of 
elemental concentration in human hair using iCP-MS and compare with the literature, (b) assess 
the value of ICP-MS as an analytical method compared against other methods, investigate (c) the 
variation in elemental concentration along the length of human scalp hair, (d) existence of radial 
and longitudinal diffusion of elements in hair, (e) influence of sex on the concentrations of 
elements in hair, as possible sources of variation in elemental concentration obtained in hair 
analysis, and (f) evaluate the effect of supplementation on the elemental levels of hair.
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3.2 Longitudinal Variation in Elemental Composition Along Human Scalp Hair
3.2.1 Materials and Methods
Thirteen Caucasian female individuals (ages twenty-two to forty-seven) participated in this 
study. The study population consisted of two groups (a) individuals with previous pregnancy 
problems (n = 8), and (b) controls (n = 5).
The first group was comprised of females, who had suffered from the following pregnancy 
problems; (a) infertility, (b) miscarriage, (c) perinatal death, and (d) giving birth to a child with 
congenital heart defects.
The second group of individual had suffered no previous pregnancy disorders and had no 
major health problems.
The hair samples were collected and prepared as described in Section 2.1.2.1. In this 
study the hair strands from each Individual was cut into 2 cm sections, starting from the end 
closest to the scalp. Each section was then weighed (20 - 250 mg) and prepared separately for 
analysis. The concentrations of the following seventeen elements were determined in all the 
samples, by ICP-MS: ""Mg, "'Al, "Y, "Ca, "®Sc, ®V, ®"MN, ®"Fe, ®°Ni, “ Cu, ""Zn, “"Sr, ®"Mo, ""Cd, 
"""Sb, """Ba and “ "Pb.
Blanks and Chinese SiNR Human Hair reference material were also prepared and run 
with the hair samples.
3.2.2 Results and Discussion
The length of the hair strands of only a few participants was longer than 12 cm 
(ie 6 X 2 cm sections), therefore the variation of the elemental concentration was monitored for 
only 12 cm along the scalp hair, from the end closest to the scalp.
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Tables 3.2.1 to 3.2.3 show the concentration of each element, along the length of scalp 
hair for (a) the individuals with previous pregnancy problems, (b) the controls, and (c) the study 
population as a whole, respectively.
Figures 3.2.1 to 3.2.3 illustrate the longitudinal variation of Ba, Ca and Cd along the scalp 
hair of each group and the total population as a whole.
Multivariate analysis of variance was carried out using a computer package program 
namely SPSSX. This was used to determine whether the variation of the concentration of each 
element along the hair was significant. For the cases where the variations were found to be 
statistically significant the probability of the trend being linear or quadratic was determined. The 
significant levels, probability 'P' between 0.10 - 0.001, determined by the F test obtained in the 
analysis are summarised in Table 3.2.4.
The results presented in Tables 3.2.1 to 3.2.4 and Figures 3.2.1 to 3.2.3, show that the 
elements can be divided into three groups. Elements whose concentrations (a) do not show 
statistically significant variation, (b) show a greater probability of a linear trend, and (c) show a 
greater probability of a quadratic variation along the length of the hair.
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Table 3.2.4: The Probability Levels of the Variation of the 
Elemental Content Being Linear or Quadratic 
Along Human Scalp Hair
Elements individuals with 
Previous Pregnancy 
Problems 
(n = 8)
Controls 
(n = 5)
Total Population 
(n = 13)
"'‘Mg Q (0.10) 0  (0.10) L (0.10)
""Al
31 p Q (0.03)
"Ca Q (0.10) 0  (0 .01) Q (0.01)
""Sc L (0.10)
Sly L (0.01) L (0.003)
“ Mn
"'Fe L (0.03) L (0.10)
“ Ni L (0.004)
“ Ou 0  (0.003) 0  (0.03)
“ Zn Q (0.10)
“ Sr L (0.02) L (0.02)
“ Mo Q (0.05)
""Cd
"“ Sb
"“ Ba L (0.10) L (0.01) L (0.001)
206pb
L = Linear 
Q = Quadratic
Values in the Parenthesis = Probability Level
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Figure 3.2.2: Variation of Ca Concentration 
Along the Scalp Hair
2 . 6
2 . 4  H
Total Population ( Pfi0^ -_01 )
Ù — 
1.0 ] 
1.6
1.4 -,
1.2 -
-1
0.8
3.8
3.4 -■
2.6 —
2 . 2  —
1.8 :■ 
“11.4 -1  -i
1 - 4  
- I0.6 -i- 0
2.3 -
2 . 1 -
1.9 -
1.7 -
1.5 -1.3 -i-
1 . 1
“10.9 -J0.7 -1
/
HAIR SECTIONS 
Controls (Q P=0.01)
a .
y
HAIR SECTIONS
Individuals with Previous Pregnancy Problems (Q P=0.1)
A
/
/  \ \
\\
2 4
KfilE SECTIONS
127
0 . 9 —
0 = 8 -
0 .7
i
0.6  - I
0.5
!
0.4 H
i
0. c —J
0.8 J 
0.1 0
1 .4 
1 - I
Figure 3.2.3: Variation of Cd Concentration 
Along the Scalp Hair
________________Total Population
/"v
HfilK SECTIONS
Controls
0.8  -  
0.6 —- 
0.4 J
0.2 J
0 4 -  0 2 4
HAIR SECTIONS
0 . 9 .  
0.8 -i
0.7 -I 
0.6  
0.5 -j 
0.4 - 
0.3 - 
0 .2  -  
0.1  -  
0 0
Individuals with Previous Pregnancy Problems
X //
X
2 4HAIR SECTIONS
128
It is noticeable that the individual's medical background influenced the trend of these
r
variations, it can be seen that a larger number of elements showed a fend in the cases of 
controls compared to the individuals with previous pregnancy problems. For example, the 
concentration of the eiements such as V, Fe, Ni, Cu and Sr showed a significant variation along 
the length of the hair of the controls, whereas in the individuals with previous pregnancy 
problems no significant variations were noted. On the other hand the concentrations of Zn and 
Mo showed a quadratic trend along the length of the hair of the individuals with previous 
pregnancy complications whereas no significant variations were found in the concentration of 
those elements for the controls. Mg, Ca and Ba were the only elements whose concentrations 
showed a trend in both study groups.
When the population was considered as a whole the concentrations of Mg, Sc, V, Fe, 
Sr and Ba showed a linear increase, whereas P, Ca and Cu showed a quadratic variation. Al, 
Mn, Ni, Zn, Mo, Cd and Pb showed no statistically significant variation.
It has been reported that Zn variation aiong the single hair are rather small [210,211], 
which is in agreement with the results of this study for controls and the population as a whole, 
but does not agree with the results of the individuals with previous pregnancy problems which 
showed a quadratic variation along the length. This observed difference in trend cannot be 
explained. Pb has been reported to Increase significantly from the root to the tip for two different 
hairs from the same individual and it was suggested that Pb had entered by deposition on its 
surface followed by diffusion into the hair structure [212]. In this study no variation was noticed 
in the concentration of Pb along the hair, suggesting that in general there is no distinct variation 
and trend In Pb concentration along the hair.
In a study by Valkovic et ai [213] it was reported that the concentrations of Ca and Cu 
increased monotonicaliy with length and concentration of Fe fluctuated in a complex manner 
along the hair with a small dip in 27 - 33 cm region. These observations confirm the variations 
noticed in this study for Ca, Cu and Fe. However in this study a quadratic variation was noticed 
for Ca and Cu and a linear increase for Fe.
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Unfortunately discrepancies exist in the reported results for the elemental variation along 
the length of the hair. For example Valkovic [211] reports that concentration of Fe, Cu, Sr, Br 
and Se did not show a marked increase with length which is in contradication with his results 
reported previously [213] and the results of this study. On the other hand he reported a marked 
increase in concentration of Ni, Pb and As along the hair [211] which is in agreement with the 
results for Ni (a linear increase in controls only), but in disagreement with the results for Pb of 
this study.
Gangadharan et al [214] have reported large variations in the sectional profiles of Na, 
Mn, Cu, Zn, Au, Hg, I, As and Se In four individuals. Obrusnik et ai [210] showed extreme 
fluctuations in concentrations of Cu and Fe and an average increase in concentrations of Mg and 
Pb from scalp outwards in single human head hairs. As these reports dealt with healthy 
individuals, their results were compared to the results of the controls in this study. No variation 
was observed for Mn, Zn and Pb in the controls in contrast to the above reports. Variation in the 
concentration of Mg, Fe and Cu has been noted in the three investigations including the present 
study, nevertheless the trend of the variation found In each study is different.
The source of these variations in elemental concentration along the length of the hair 
are thought to be associated with the dietary, environmental and biomedical history of the owner 
[211] and the structural features of the hair [210]. The small variation of Zn has been related to 
the melanin pigment whereas the longitudinal increase in Pb level has been associated to the 
environmental pollution of the area in which the individual resided [211].
In summary this study shows that variations do exist in the concentration of some 
elements along the length of the hair but different statistical tiehavlours are noticed in different 
subjects. Also It has been shown that the trend and the extent of these variations can be 
different in controls compared to individuals with previous medical history In relation to pregnancy.
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3.3 in Vitro. Radial and Longitudinal Diffusion of Co. Zn and Cd in Human Scalp Hair
3.3.1 Materials and Methods
Tresses of straight brown european hair (20 cm long) were supplied by Socross Hair Co
Ltd*. All samples were said to be "virgin hair", that had undergone no chemical or cosmetic 
treatment. Two different batches were obtained for each part of the study; (i) radial, and 
(ii) longitudinal diffusion studies.
Spectrosol (BDH Chemicals) 1000 jig ml " stock standard solutions were used to prepare 
0.3 jig ml" Co, 500 jig ml " Zn and 20 jig ml " Cd solutions for all of the following experiments.
(a) Radial Diffusion
200 ml of each standard solution (Co, Zn and Cd) was jDoured into 250 ml 
jDolypropylene beakers. A tress of hair was fully immersed into each of the solutions and the 
beakers were tightly covered with cling film (Figure 3.3.1) and placed in a clean fume cupboard.
A portion of each tress was removed, using a plastic spatula after periods of one, 
seven, fourteen, twenty-one and twenty-eight days. Each sample was then rinsed with deionised 
water, placed on a clean dry tray, covered with a borosiiicate beaker and dried under a high 
density lamp. The dried sample was then cut into short lengths (1 - 2 cm) and mixed to ensure 
homogeneity. The sample was then divided into three approximately equal portions, weighed 
(150 - 500 mg) and prepared as described in Section 2 .1.2.1. The temperature in the fume 
cupboard was at room temjserature ±2**C.
* Socross Hair Co Ltd, 51 Streatham Hill, London, SW2 4TS
131
A tress of untreated hair, which was not immersed in any of the standard solutions, was 
also rinsed with deionised water, dried and prepared for analysis as above.
Blanks and Chinese SINR Human Hair reference materials were also prepared and run 
with each batch of sample. In addition to ®®Co, “Zn and ’’^Cd, samples were also analysed for 
""Al, ""Mg. "Y, "K, "Ca, “ Or, “ Mn, ®"Fe, “ Nl, “ Ou and "“ Pb by ICP-MS.
(b) Longitudinal Diffusion
50 ml of each standard solution (Go, Zn and Cd) was poured Into five 50 ml 
polypropylene beakers. Each beaker was covered with cling film and a small hole was pierced In 
the cling film with a plastic spatula. A tress (approximately 0.5 cm thick) of hair was swathed 
with cling film, leaving 2 cm of the hair (the end closest to the scalp) uncovered. Aluminium foil 
was then wrapped around the cling film, avoiding any contact with the hair. The base end of the 
hair was immersed In one of the standard solutions, through the hole in the cling film, and the 
other end was tied with a string to a handle from a stand to keep the hair straight (Figure 3.3.2). 
A similar sample was prepared and Immersed In the remaining fourteen 50 ml standard solutions. 
The whole set up was placed in a clean fume cupboard throughout the experiment.
After a period of one day, the hair from one of the five set ups, for each standard 
solution, was removed and rinsed with deionised water and dried as described in pari (a). The 
dried hair strands were cut into 10 x 2 cm sections. Each section was then weighed 
(100 - 250 mg) and prepared for analysis as described in Section 2.1.2.1. The same procedure 
was repeated for the remaining samples, after periods of seven, fourteen, twenty-one and 
twenty-eight days.
A tress of hair, as control, was also wrapped fully with cling film and aluminium foil and 
h iiA g  with the rest of the samples, but was not Immersed in any solution. On the twenty-eighth 
day, it was similarly rinsed, dried and prepared for analysis. The temperature in the fume 
cupboard was at room temperature ±2°C  throughout the experiment.
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Figure 3.3.1: An Outline of the Set Up for the Radial Diffusion
Study of Co. Zn and Cd in Human Scalp Hair
Cling
Film
200 ml Standard 
Solution "Virgin" Hair
250 ml Polypropylene 
Beaker
Figure 3.3.2: An Outline of the Set Up for the Longitudinal 
Diffusion Study of Co, Zn and Cd in Human Scalp Hair
Stand
Plastic
String
"Virgin
Hair Aluminium Foil
Cling FilmCling
Film
50 ml Standard Solution
50 ml Polypropylene 
Beaker
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Blanks and Chinese SINR human hair reference materials were prepared and run with
each set of sample. In addition to “ Co, “ Zn and ’"Cd, samples were also analysed for ’^ A^i,
"Mg, =’P, “ K, "Ca, "’V, “ Cr, “ IVIn, *Fe, “ Ni, “ Cu and “^ Pb by ICP-MS.
3.3.2 Results and Discussion
(a) Radial Diffusion
The mean + standard deviation (pg g '\ n = 3) of Co, Zn and Cd of virgin hair samples, 
immersed in 0.3 pg ml’ Co, 500 pg mi*’ Zn and 20 pg ml’ Cd standard solutions respectively, for 
periods of 0 (untreated hair), 1, 7, 14, 21 and 28 days is listed in Table 3.3.1.
Figures 3.3.3 to 3.3.5 show the total Co, Zn and Cd uptake or loss in virgin hair, after
immersion in the corresponding standard solutions with respect to time.
The level of Co in virgin hair, immersed in 200 mi of 0.3 pg ml*’ Co standard solution, 
increased from 0.070 ±  0.011 pg g ’ to 8.9 ±  1.5 pg g*’ in seven days, and the uptake continued 
at a slower rate for the rest of the study period, with a small dip on the twenty-first day. The Co 
concentration reached 15 + 1 pg g*’ on the twenty-eighth day, 208 times its original level.
Cd was taken up steadily in virgin hair, when Immersed in 200 ml of 20 pg ml ’ Cd 
standard solution for twenty-one days. The level rose from 0.065 + 0.028 to 35 + 14 pg g*’ , 539 
times its original level. At this stage it started diffusing out of the hair into the solution, and the 
concentration dropped to 15 + 1 pg g*’ .
Zn unlike Co and Cd, diffused out of the hair into the standard solution of 500 pg mr’ 
Zn, despite lower Zn concentration in the hair (68 + 10 pg g ’). When the Zn level reached 
40 + 3 pg g ’, 0.58 times its original value, the diffusion process was reversed and Zn was taken 
up by the hair until it reached 63 + 7 pg g ’ on the twenty-first day, approximately the same level 
as it started off with. At this concentration, it started to diffuse out of the hair again.
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Mg and Ca diffused out of the hair to almost a constant level after a day of contact with 
all of the three solutions. Ni diffused in and out of the hair, when the hair was immersed in Zn 
and Cd standard solutions. Mn, Fe and Cu diffused out slightly after a day and Pb diffused out 
to 0.1 times its original value after seven days contact with Zn standard solution. They ail 
remained at an approximately constant level for the rest of the study period. The concentration 
of Al, P, K, V and Cr remained unchanged In ail three cases. Zn content did not vary when the 
hair was Immersed In Co and Cd standard solutions and the same applied vice versa.
135
Table 3.3.1: Variation of Co. Zn and Cd Concentrations in
Virgin Hair with Respect to Time of Contact with Co. Zn
and Cd Solutions Respectively (Radial Diffusion Effect)
Time
(Day)
“ Co “ Zn ’"Cd
0 0.070 ±  0.011 68 ±  10 0.065 ±  0.028
1 0.35 + 0.02 60 ±  41 16 + 7
7 8.9 + 1.5 40 + 3 10 + 1
14 10 ±  1 55 + 3 22 + 6
21 6.9 + 1.9 63 + 7 35 ± 1 4
28 15 ±  1 53 + 7 15 + 1
Concentrations are presented as mean ±  standard deviation in pg g ’ (n = 3)
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Figure 3.3.3: Total Co Uptake and Loss of Virgin Hair with Respect 
to Time. After Immersion in Co Standard Solutions fRadiai Diffusion Effect!
Figure 3.3.4: Totai Zn Loss and Uptake of Virgin Hair with Respect 
to Time. After Immersion in Zn Standard Solution (Radiai Diffusion Effect)
Figure 3.3.5: Total Cd Uptake and Loss of Virgin Hair with Respect 
to Time. After Immersion in Cd Standard Solution (Radial Diffusion Effect!
Ct = Concentration at time T  
Co = Concentration at time 0
Time 0 represents the time prior to immersion of hair in standard solution
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(b) Longitudinal Diffusion
Concentration of Co, Zn and Cd (|ig g \  n = 1) in sections 1 to 10, along the length of 
the virgin hair at times 0 (untreated hair), 1, 7, 14, 21 and 28 days are presented in Tables 3.3.2 
to 3.3.4 respectively.
Figures 3.3.6 to 3.3.6 show the change in concentration of Co, Zn and Cd along the 
length of the hair at specific days after treatment.
The total uptake or loss of each element (Cy - Co) Is plotted against time T,
Figures 3.3.9 (a, b, c). Where Cy is the mean total concentration In the whole hair at time T and 
Co Is the mean total concentration in the whole hair at time 0. C  ^ values are listed in 
Table 3.3.5.
The results show that Co was taken up by the tip of the hair. Table 3.3.2 and 
Figure 3.3.6, show that by the end of the study on the twenty-eighth day the Co level had 
increased significantly, only In the first two sections, therefore suggesting a slow rate of 
longitudinal uptake of Co along the hair. The mean total Co level in hair increased significantly 
after a day, but the uptake slowed down during the rest of the period, with a small dip on the 
fourteenth and twenty-first day (Figure 3.3.9a). The overall diffusion was similar to that of the 
radial study (Figure 3.3.3).
The Zn level, at each section fluctuated above and below the original value during the
study. The mean total level of Zn in the whole hair never exceeded 2.4 times (on the
twenty-eighth day) or decreased 0.77 times (on the fourteenth day) of its original level
(Table 3.3.5). A slight overall uptake was observed from the solution at first, which was then lost 
and taken up again by the hair during the experiment, reaching a level higher than its original 
value (Figure 3.3.9b). This is in contrast to the radial diffusion study, where the level of Zn in 
hair never exceeded the original value and a flow out of the hair into the soiution had occurred at 
the start of the study (Figure 3.3.4).
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Table 3.3.2: Variation of Co Along the Length of the Hair
with Respect to Time of Contact with Co Standard Solution
(Longitudinal Effect)
Days
Sections 0 1 7 14 21 28
1 0.050 17 34 28 25 51
2 0.072 1.7 1.0 0.21 8.4 13
3 0.080 0.11 0.094 0.070 0.090 0.27
4 0.096 0.12 0.095 0.092 0.14 0.10
5 0.12 0.18 0.12 0.13 0.16 0.10
6 0.17 0.17 0.21 0.20 0.17 0.13
7 0.20 0.036 0.19 0.21 0.20 0.18
8 0.22 0.24 0.34 0.23 0.26 0.21
9 0.26 0.29 0.20 0.26 0.29 0.24
10 0.25 0.30 0.25 0.30 0.32 0.35
Concentrations are expressed In pg g ’ (n = 1)
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Table 3.3.3: Variation of Zn Along the Length of the Hair
with Respect to Time of Contact with Zn Standard Solution
(Longitudinal Effect)
Days
Sections 0 1 7 14 21 28
1 111 38 152 36 222 66
2 115 230 85 35 46 60
3 113 668 71 0.020 50 69
4 88 116 299 155 208 155
5 106 121 461 94 133 391
6 124 118 109 95 140 1.4 X 10'
7 116 114 94 99 126 188
8 123 147 93 111 140 143
9 132 118 96 137 169 145
10 141 127 89 142 170 177
Concentrations are expressed in pg g  ^ (n = 1)
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Table 3.3.4: Variation of Cd Along the Length of the Hair
with Respect to Time of Contact with Cd Standard Solution
(Longitudinal Effect)
Days
Sections 0 1 7 14 21 28
1 0.16 88 5.6 3.4 16 17
2 0.28 17 74 228 135 26
3 0.54 7.1 2.0 62 239 41
4 0.12 0.35 0.53 0.44 0.22 1.3
5 0.092 0.32 0.44 0.54 0.061 0.70
6 0.12 0.15 0.42 0.12 0.12 0.53
7 0.14 0.22 0.088 0.11 0.13 0.48
8 0.14 0.48 0.089 0.066 0.065 0.92
9 0.20 2.3 0.036 0.29 0.080 0.59
10 0.15 0.37 0.16 0.19 0.821 1.3
Concentrations are expressed in pg g*’ (n = 1)
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Table 3.3.5: Mean Total Concentration (Cr) of Co. Zn and Cd in Hair with Respect
to Time (Longitudinal Effect)
Days
Element 0 1 7 14 21 28
"Co 0.15 + 0.079 2.0 ±  5.4 3.6 + 10.5 2.9 ±  8.7 3.5 + 7.9 6.6 + 16
"Zn 117 + 15 180 + 12 155 + 126 90 + 51 141 + 58 278 + 399
'"Cd 0.19 + 0.13 12 + 28 8.3 + 23 30 + 72 39 + 82 8.9 + 14
Concentrations are presented as mean + standard deviation in pg g’’ (n = 10)
142
Figure 3.3.6: The Change in Concentration of Co Along the Length 
of Virgin Hair with Respect to Time of Contact with Co Standard Solution 
(Longitudinal Diffusion Effect)
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Figure 3.3.7: The Change in Concentration of Zn Along the Length 
of Virgin Hair with Respect to Time of Contact with Zn Standard Solution 
(Longitudinal Diffusion Effect)
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Figure 3.3.8: The Change in Concentration of Cd Along the Length 
of Virgin Hair with Respect to Time of Contact with Cd Standard Solution 
(Longitudinal Diffusion Effect)
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Figure 3.3.9: Total Uptake or Loss of the Elements with Respect to 
Time of Contact with Standard Solutions (Longitudinal Effect)
(a) Co
(b) Zn
(0) Cd
Ct = Total Concentration in the Whole Hair at Time T (the mean of the concentrations in each 
section)
Co = Total Concentration in the Whole Hair at Time 0 (the mean of the concentration in each 
section)
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Cd showed a stepwise diffusion along the hair and by the twenty-first day the level of 
Cd had increased significantly in the first three sections. On the twenty-eighth day the level of 
Cd had also risen slightly In the remaining seven sections, Table 3.3.4 and Figure 3.3.8. 
However on the whole, Cd had been taken up significantly (from 0.19 ±  0.13 to 39 + 82 pg g"") 
at first and then diffused out of the hair from the twenty-first to the twenty-eighth day as the 
mean total concentration of Cd in hair had dropped from 39 + 82 to 8.9 ±  14 pg g \  Table 3.3.5 
and Figure 3.3.9c.
Overall Co level rose 13 to 42 times its original level, concentration of Zn rose only 1.5 
to 2.4 times and dropped to 0.77 times its original value, whereas Cd level increased 41 to 200 
times its original level during the experiment.
Mg, Ca, Mn and Ni diffused out of the hair in all three cases, Cr diffused out into Zn 
and Cd standard solutions, whereas V, Co, Cu and Pb diffused out into Zn standard solution 
only. In all cases the loss initiated from the tip immersed in the solution upwards, with respect to 
time.
Comparison of Figures 3.3.3 and 3.3.9a, with 3.3.5 and 3.3.9c respectively, showed that 
the overall uptake and loss of Co and Cd in hair with respect to time, was similar to that of radial 
diffusion study.
In both radial and longitudinal diffusion, the uptake of Cd was higher than Co and in 
turn higher than Zn.
Cd > Co > Zn 
uptake
The factors effecting the diffusion and its pattern for each element are assumed to be 
(a) the effective radius of the hydrated Ion and therefore its mobility, (b) ability of the ion to form 
chemical bonds with active groups such as SH of the proteins In hair, and (c) the histological
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structure of the hair.
The estimated ionic radii proposed by Goldschmidt (G), Pauling (P) and Ladd (L) for 
Cd’*'", Co^ + and Zn*'^  are given below, Table 3.3.6 [215].
Table 3.3.6: Estimated Ionic Radii of Cd"\ Co‘ * and Zn"+ [2151
Ionic Radii A°
ion G P L
Cd®* 1.03 0.97 1.14
Co®* 0.82 0.74 0.88
Zn®* 0.69 0.74 -
As the effective ionic radii decrease from Cd^  ^ to Co^  ^ to Zn''*, hydrated radii and
hydration energies increase [216]. The higher the hydrated radius of the ion the slower is its
mobility as recognised by Onsager [217].
The fact that amount of Zn®* taken up by the hair was noted to be less than Co®* and
in turn less than Cd®*, agrees with the above statements.
All three ions are known to form bonds with S, however Cd®* tends to form stronger 
bonds with S compared to Zn®* [215].
in a reported experiment by Bos et al [218], hair was treated with a shampoo mix 
containing 1400 mg ml"* Se and 320 pg mr' Zn. Se was clearly taken up from the shampoo, 
whereas Zn distributions were not changed. Similar to the findings of this study, a close 
examination had shown that a small amount of Zn had diffused out at the edges of the hair, after 
forty-eight hours contact with the shampoo mix despite higher Zn concentration (320 pg ml ') in 
the mixture.
148
Longitudinal diffusion profiles were not found to be reported in literature and radiai 
diffusion profiies for Cd and Co have also not been documented.
There are a few experiments reported in the literature on adsorption of trace
elements onto human hair. However Vaicovic [211] comments on the fact that the term 
adsorption is often used without knowing whether the process is adsorption or absorption (or 
both) according to the conventional definition of these terms. Krishnan et al [219] soaked 50 to 
200 mg of hair in concentrations of 1 to 100 pg ml ' solutions of Cd for twenty-four hours 
overnight and reported that a negligible amount of Cd was removed by hair. Their data was not 
documented in the report, therefore no comparison could be made except that in the present 
study Cd had increased 252 times its original level after twenty-four hours of contact with 
20 pg ml ' Cd solution unlike their findings. Roberts et ai [220] demonstrated that hair exposed 
to cadmium containing cigarette smoke takes up Cd in a form which may be removed by washing 
procedures using shampoo.
Mg and Ca seem to be the only two elements which readily diffused out of the hair into 
the solution in both radial and longitudinal studies in this thesis. Assarian et al [204] showed that 
the greatest decrease in concentration of trace elements due to washing was shown in the results 
for Mg. In the present study V, Cr, Mn, Fe, Ni, Cu and Pb have also shown a tendency to 
diffuse out along the concentration gradient into the ionic solutions of Co®*, Zn®* and Cd®*. 
Hambridge et al [221] have documented that shampoos containing ionic and non-ionic detergents 
resulted in significant reduction in Cr concentration. Mn, Fe and Cu have also been documented 
to diffuse out of the hair by treatment with an ionic soiution, Na-lauryl sulphate, reaching a 
constant trace element level, as found in this thesis in the radial diffusion study. Pb was also 
claimed to have been washed out of the hair by detergent washes [163].
In this study It was observed that the stronger the standard solution (Zn > Cd > Co) the 
higher the number of elements diffusing out of the hair (excluding Co, Zn and Cd themselves).
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In summary, the results have shown that radial and longitudinal diffusion does occur for 
those investigated elements, Co, Zn and Cd in hair. However the diffusion pattern is different in 
each case, with Zn showing the least fluctuation in the total hair content after the treatments and 
contrary to the other two elements, despite higher concentration of the standard solution a flow 
out of Zn from hair was observed. Other elements such as Mg, Ca, V, Cr, Mn, Fe, Ni, Cu and 
Pb have also shown a tendency to diffuse out of the hair into an ionic solution and the higher the 
Ionic concentration of the solution, the larger is the effect. These observations emphasise the 
fact that the concentration of elements in hair can be influenced by many factors, such as uptake 
due to environmental and physiological factors or loss due to treatments with ionic solutions. The 
results also contradict the comments that hair fixes trace elements, providing a lasting record of 
levels over the previous few months [190]. Due to the fact that a limited number of reported 
investigations were found on diffusion of trace elements in hair [211,218,222], in this study it was 
attempted to look at the diffusion pattern of elements such as Zn (an essential element especially 
during pregnancy which is found at high concentration in hair), Co (which is at low concentration 
in hair) and Cd (which is known to be an environmentally toxic metal). However more data are 
required on larger number of elements under conditions representative of physiological and 
environmental exposure.
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3.4 Elemental Concentration in Scalp Hair of a Female and Male Population in the United
Kingdom
3.4.1 Materials and Methods
Hair samples were collected from a caucasion population in the United Kingdom, 
consisting of thirty-seven females, twenty-five to fifty-seven years and twenty males, thirty to 
fifty-seven years of age. The sample collection and preparation was performed as described in 
Section 2.1.2.1. A length of 10 cm (50 to 200 mg) was cut from the end closest to the scalp, of 
the hair strands collected from the female population. In the case of the male population a 
length of 2.5 cm (10 to 150 mg) was cut and used for analysis.
Blanks and Chinese SINR human hair reference materials ere also prepared and run 
simultaneously. The concentration of *Mg, ®^ AI, ®*K, **Ca, "Cr, “ Mn, "Fe, “ Co, “ Ni, “ Cu, “ Zn, 
” As, “ Sr, '"Cd, '®'Sb, '“ Ce and ®“ Pb were then determined using ICP-MS.
3.4.2 Results and Discussion
The range of elemental levels in scalp hair of the selected population in the UK is listed 
in Table 3.4.1, and compared to the range of values documented by Iyengar et al [182] and
Valkovic [211], who have reported values by different researchers using various techniques such
as AAS, AES, FES, MS, NAA, SAS and XRF. Lower elemental concentrations have been 
obtained in this study compared to the reported literature values. This is due in part to the ability 
of ICP-MS to detect concentrations as low as 0.1 ng mr' or even lower in the case of some 
elements [91], which may not have been detected by other techniques, or are elevated due to the 
incorporation of a "blank" value.
The elemental levels in scalp hair of the selected female and male population in the UK 
is listed separately in Table 3.4.2. Students unpaired [-test was employed to determine any 
significant differences in the elemental content of scalp hair of the females and males.
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Table 3.4.1: Range of Concentration Values for Selected
Elements in Human Hair
UK Population This Study 
(n = 55)
Literature
Values
Elements Range Mean + SD lyeng^f et al 
[182]
Vaicovic
[211]
Mg 2.1 - 194 67 + 50 19 - 163 7.3 - 21.8
Al 1.0 - 83 21 + 18 4.2 - 29.3 3.7 - 9.0
K 8.6 - 600 114 + 109 155 - 663 72.6 - 900
Ca 13 - 3.5 X 10® 739 ±  635 146 - 3190 -
Cr <0.0035 - 7.7 0.76 ±  1.32 0.13 - 3.65 0.65 - 33
Mn 0.015 - 7.7 0.81 ±  1.10 0.25 - 5.7 0.15 - 8.8
Fe 2.0 - 85 29 + 19 5 - 44.7 73 - 110
Co <0.0013 - 2.3 0.18 ±  0.37 0.2 - 1.05 0.24 - 0.34
Ni 0.016 - 10 1.1 + 1.7 0.6 - 6.5 20 - 28
Cu 0.28 - 273 34 + 42 11 - 34 8.7 - 130
Zn 8.7 - 416 169 ±  80 99 - 450 122 - 246
As <0.0047 - 3.0 0.58 + 0.67 0.13 - 3.71 0.06 - 1.2
Sr 0.32 - 31 4.8 ±  5.1 0.046 - 14.7 0.75 - 12
Cd 0.026 - 3.0 0.46 + 0.54 0.24 - 2.7 0.34 - 1.6
Sb <0.0088 - 15 1.8 +  2.3 0.09 - 3.0 0.064 - 0.212
Ce <0.0015 - 15 0.53 +  2.0 - -
Pb <0.020 - 49 6.2 + 7.8 3 - 70 14.5 - 52
Values are presented In pg g '
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Concentration of only a few elements Mg, P, Ca, Mn and Fe showed significant differences when 
the two groups were compared, Tabie 3.4.3.
K (P < 0.10), Mg and Fe (P < 0.05) were lower, whereas Mn (P < 0.10) and Ca 
(P < 0.01) were found to be at a higher levei in females. Kostial et al [223] have reported that 
hair retained higher levels of Fe and Sr In male compared to female albino rats. Verghese et al 
[224] have reported no striking differences in their human hair (head) Zn results of males and 
females. The results of the present study agree with the reported observations for Fe and Zn. 
However no significant differences were observed in Sr results of this study, in contrast to the 
findings of Kostial et al.
^breeder et al [225] have reported that female hair showed higher concentrations of Mg, 
Cu, Co and Ni than male hair, with similar concentrations of Zn, Cr and Pb. Deeming and
Weber [226] have also documented higher levels of Cu in females compared to males. The 
findings of this study disagree with the above documented results for Cu, Co and Ni, but are in
agreement with the observations for Mg, Zn, Cr and Pb.
In summary, concentrations of few elements namely Mg, K, Ca, Mn and Fe showed 
significant differences according to the sex of the Individuals. These differences may have been 
caused by the fact that longer hair samples were used in the case of females and the frequency
and degree of hair treatments such as shampoos, hair sprays and dyes were higher in females.
As shown in the previous sections of this chapter, factors such as hair length and contact with 
ionic solutions influence the level of elements in hair and therefore they might have contributed to 
the observed differences in the elemental levels of male and female hair samples in this study.
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Table 3.4.2: Elemental Concentration in Female and Male
ScalD Hair from the United Kingdom
Element Female 
(n = 36)
Male 
(n = 19)
“ Mg 74 ±  54 52 i  39
®"AI 20 ±  19 22 + 18
3»K 100 + 108 140 + 107
"Ca 882 ±  712 467 + 310
"Cr 0.76 + 1.36 0.75 + 1.2
“ Mn 0.93 ±  1.32 0.60 i  0.38
"Fe 26 + 18 36 + 20
"Co 0.21 i  0.44 0.12 ± 0 .1 6
“ Ni 1.1 + 1.8 1.1 + 1.7
“ Cu 38 + 47 27 + 28
“ Zn 170 ±  84 167 + 71
?*As 0.62 ±  0.75 0.52 + 0.48
“ Sr 5.2 + 5.4 4.0 + 4.5
'"Cd 0.51 + 0.61 0.37 + 0.35
'®'Sb 1.3 ±  1.5 2.72 + 3.1
'“ Ce 0.69 + 2.4 0.22 + 0.26
2“ Pb 5.2 + 4.5 8.1 ±  11.3
Concentrations are presented as mean + standard deviation in pg g
Table 3.4.3: Significant Differences in Hair Elemental Content 
of Males and Females
Element Probability Levei
"K (-), “ Mn (+) 0.10
®*Mg H , "Fe (-) 0.05
"Ca (+) 0.01
+ - Female > Male 
- - Female < Male
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3.5 Effect of Mineral Supplementation on the Elemental Content of Scalp Hair
3.5.1 Materials and Methods
Six caucasien female individuals (ages twenty-four to forty-seven years) took part in ttils 
study. None of the subjects were on any minerai supplementation or any medication including 
oral contraceptive piils before the start of the study. Three of the individuals had suffered 
previous pregnancy problems such as miscarriage, perinatal death and congenital malformation of 
the neonate. The other three participants were categorised as controls with no previous history 
of pregnancy complications.
The subjects followed their normal diets during the study with the exception that they 
also consumed a tablet from each Foresight mineral and vitamin tablets, every morning for a 
period of six months. The vitamin tablets contained vitamins A, B, B,, B^ g, C, D and E. The 
ingredients of Foresight minerals are listed in Table 3.4.1. The Foresight minerals and vitamins 
were obtained from the manufacturer, Cantassium Company* in London.
Hair strands were collected from the participating subjects prior to the start of the study 
and at the end of the six months supplementation period. Sample collection and preparation was 
carried out as described in Section 2.1.2.1.
Each hair strand was divided into 2 cm sections (90 to 380 mg) which were analysed 
separately. The mean and standard deviation of the elemental concentration of the first five 
sections, le the first 10 cm from the end closest to the scalp, was used for statistical evaluation.
The concentration of the elements ^Mg, “^ Al, ^Ca, ®*Cr, ®®Mn, ®^ Fe, ®“Co, “ Ni, “ Ou, “ Zn,
“ Mo, ^"Cd and “ *Pb, were determined by ICP-MS.
* Cantassium Company, 225 Putney Bridge Road, London, SW15 2PY
155
Table 3.5.1: Ingredients of Foresight Minerals
ingredients Per Tablet
Kelp
Zinc (as oratate) 
C,oH6ZnN,Oa.2HgO
7.5 mg
Magnesium (as oxide) MgO
Magnesium (as stearate) (CHa^CHjiGCOO); Mg^^
Mg (C,aHg,Og)g
18.6 mg
Calcium (as phosphate) CaHPO^.EHgO 
Calcium (as carbonate) CaCOg.SHgO 
Gypsum (caicium sulphate) CaSO^.EHgO
31.0 mg
Potassium (or gluconate) CHgOH(CHOH)^COO K* 3.0 mg
Manganese (as oratate) 
C„HeMnN,Oa . 2HgO
4.0 mg
Chromium (as oratate)
C,aH,CrNgOig . BHgO
1.2 mg
Vanadium (as sodium ortho vandatate) 
NagVO, . 14HgO
5.0 |xg
Potato Starch
Natural Vegetable Gum
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3.5.2 Results and Discussion
The study population was divided into two groups, (a) individuals with previous 
pregnancy problems, and (b) controls. Concentration of the elements in scalp hair of each 
individual before and after supplementation is listed in Tables 3.5.2 and 3.5.3, for each group 
respectively.
The concentrations are also presented as mean + standard deviation In pg g  ^ (n = 3) 
for each study group In Table 3.5.4 and compared with range of values obtained in Section 3.4 
and reported range of literature values listed in Table 3.1.2. All the results are within the range 
obtained in Section 3.4 and reported literature data.
Elemental levels in hair prior to supplementation were compared between controis and 
individuals with previous pregnancy problems using students unpaired t-test. The results are 
shown in Table 3.5.5.
Concentrations of Cr, Pb (P < 0.10) and AI (P < 0.01) were higher in individuais with 
previous pregnancy problems, whereas Mg level (P < 0.01) was higher In controls. No significant 
differences were observed In the concentrations of Ca, Mn, Fe, Co, Cu, Zn, Mo and Cd.
The paired student’s i-test was used to compare the concentration of the elements in 
scalp hair before and after supplementation for each group separately. The results are shown in 
Table 3.5.6. These results show that supplementation of Zn, Mg, Ca, Mn and Cr did not have 
any significant effect on the levels of these elements In hair of both groups. However a decline 
In concentration of Co. Fe and Cd In both groups, AI In Individuals with previous pregnancy 
problems and an increase In concentration of Pb was observed In controls. These findings 
suggest the possibility of metal-metal Interactions.
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Table 3.5.5: Comparison of the Elemental Levels in Controls 
With Individuals with Previous Preanancv Problems
Elements Level of Significance
Cr (-) Pb (-) 
Mg (+) AI (-)
PS (P < 0.10) 
S* (P < 0.01)
(>) = Lower Concentration in Controls 
{+) = Higher Concentration in Controls
Table 3.5.6: Significance Levels of the Changes in Elemental 
Concentration of Hair After Supplementation
individuals with Previous Controls Level of
Pregnancy Problems Significance
(n = 3) (n = 3)
Co (-), Cd {-) Fe (-), Mo (-) PS (P < 0.10)
Fe (-), AI (-) Co (•). Cd (-), Pb {+) S (P < 0.05)
(-) = Decrease in Concentration after Supplementation 
(+) = Increase in Concentration after Supplementation
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Elsenhans et al [227] stated that providing the organ with sufficient or excess amount of 
essential metals can result in a reduced uptake and retention of toxic metals. It has also been 
reported that Cd absorption is depressed and therefore less toxic, when supplements of Zn are 
given above the normal dietary requirement of the metal [12]. This effect may be used to explain 
the reduction in Cd concentration in hair after supplementing the individuals with Zn, in this study. 
These interactions have been reported to Involve, binding characteristics of metallothionein, 
alteration of absorption, kinetic parameters and tissue distribution of one metal by another and 
competition at the level of Zn containing metalloenzymes [3].
Hurley et al [11] have reported that high concentration of dietary Mn depressed the 
formation of hemoglobin in anemic pigs, presumably by decreasing Iron absorption. Normal 
lambs fed on high Mn levels have shown a decrease in concentration of Fe in the liver, spleen 
and kidney [5]. In this study normal daily intakes of Mn, approximately 2.7 + 0.85 mg per day 
[5], was supplemented with 4.0 mg of manganese oratate. Clearly a decline in levels of Fe in 
the hair of the participating subjects were observed which may be due to the interaction with the 
increased Mn intake, although no increase in Mn level was observed. Zn is a known metabolic 
antagonist of Cu and Fe. Underwood [5] quotes that doses of 150 mg Zn per day, are enough 
to interfere with Cu and Fe metabolism. However the mineral supplements in this study 
contained only 7.5 mg Zn and if normal daily intake of Zn is considered to be 14 mg Zn per day 
in England [5], these effects should not have been observed. Cu levels did not decline in hair, 
but the Fe levels had shown a decrease after the supplementation which may have been due to 
interactions with Mn.
A reported study has shown that using Fe deficient subjects, Pb absorption was 
increased by two or three fold [23]. In this study the Fe levels of all the individuals was within 
the ranges reported in the literature (Table 3.5.3), and a decline of Fe concentration in hair was 
accompanied by an increase in Pb levels in the controls only, who had lower Pb concentrations 
at the start of the study compared to the other group. The antagonistic effect of Ca on Pb levels 
(reduced retention of Pb due to Ca supplementation) reported by many researchers [3,5,23] have 
not been observed in this study, even though the individuals were supplemented with Ca.
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Although the subjects were supplemented with vitamin (hydroxycobalamine), the 
levels of Co had still decreased after supplementation. This can be explained by the fact that 
vitamin 8,2 is a large molecule and does not dissociate in body.
A decline in concentration of Mo was observed in controis (Table 3.5.6). Mo is known 
to interact with Cu and S [5,30], but the subjects in this study were not supplemented with Cu. 
However, inorganic sulphate has been recognised as a factor responsible for the marked effect 
on Mo excretion. The influence of sulphate on Mo absorption and excretion is explained by the 
hypothesis that inorganic sulphate interferes with and if its concentration is high enough, prevents 
the transport of Mo across the membranes [5]. In this study the mineral supplement contained 
calcium sulphate, which might explain the lowering of Mo observed in hair of the subjects.
Although these Interactions may exist, other factors such as physiological, external or 
environmental factors might have influenced the levels of Al, Co, Fe, Mo, Cd and Pb in the hair 
of these individuals.
The reduction in Ai concentration in the hair of the individuals with previous pregnancy 
problems cannot be explained, as known antagonists were not found to be reported for Al in the 
literature.
Effect of Zn supplementation on hair Zn level has been Investigated by many 
researchers. Similar to the findings of this study some investigators have also shown that there 
had been no Increase in hair Zn levels after supplementation, whereas some others showed a 
significant increase. Medeiros et al [228] supplemented thirty-one adult males with either 50 mg 
Zn per day, 75 mg Zn per day or a placebo for twelve weeks. Hair Zn levels at week six and 
twelve failed to show an increased incorporation of the element. Davis [229] reported that oral 
supplementation with Zinc oratate (100 mg per day) had increased a low hair Zn level (less than 
125 pg g \  ie 121 pg g^) to a "normal" range of 149 pg g*’ (125 to 254 pg g  ^ reference range), 
whereas the levels in the individuals with "normal" hair Zn levels had not changed. 
Supplementation of two hundred and thirteen women in Los Angeles, has also been reported not
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to have altered the mean Zn levels of their hair [230]. Taper et al [231] reported no significant 
differences between hair Zn and Cu values in supplemented and unsupplemented groups.
On the other hand, Matsuda et al [232] reported that supplementation of Zn alone or, in 
addition to Cu resulted in an increased Zn levels in serum and hair of five months old neonates. 
It has also been documented that supplementation of twenty-five elderly subjects with 15 mg Zn 
per day for ninety-five days increased hair Zn levels significantly, whereas another study failed to 
show sustained increases in hair Zn levels among seventeen year old males, supplemented with 
22.7 mg Zn per day for three weeks [228].
Lai et al [233] showed that administration of 4 pg g"* Mn^ + in rats for thirty days 
produced significant accumulation of this metal in brain, liver and kidney, it also produced 
significant increases of liver, kidney and brain Zn. No increase in Mn concentration was 
observed in hair in this study after supplementing 4.0 mg Mn per day to human subjects.
In summary, mineral supplementation of 18.6 mg Mg, 31.0 mg Ca, 1.2 mg Cr, 4.0 mg 
Mn, 7.5 mg Zn daily, for a period of six months did not show any significant changes in the 
supplemented elemental levels (Mg, Ca, Cr, Mn and Zn) of hair. On the other hand levels of Al, 
Co, Fe, Mo, Cd and Pb had changed which may have been due to metal-metal interactions 
taking place in the body. Whether bodily levels of the supplemented elements had changed was 
not evident by using hair as a diagnostic tool in this study.
It should be stressed that this work was only aimed to assess the usefulness of hair as 
a diagnostic tool for evaluating the effect of mineral and vitamin supplementation, and the 
usefulness of supplementation itself was not investigated.
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CHAPTER 4
PLACENTA
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4.1 Introduction
The association of the endometrium and the chorion is called the placenta. The 
endometrium is the mucous membrane lining the uterus, and the chorion is the outermost of the 
foetal membranes which develops villi and becomes vascularised by allantoic vessels and forms 
foetal part of the placenta. The placenta, in combination with foetai membranes (the chorion, the 
amnion, the yolk sac and allantois) serves as a protection, excretion and exchange organ, for 
respiration and nourishment of the fetus and provides for the transport of raw materials and 
waste products. It is also responsible for metabolism and endocrine (hormonal) secretion 
[234,2351.
The placenta has two components. One, the foetal portion, develops from trophoblast 
(the peripheral cells of the blastocyst, the conceptus in postmorula stage, which attach the 
fertilised ovum to the uterine wall), and the other, the maternal portion, which is formed from 
endometrium.
As the trophoblast cells invade the endometrium, they tap uterine blood vessels, 
creating spaces, which become filled with maternal blood from mptured capillaries. The spaces 
expand and eventually join to become a complicated labyrinth separated by columns of
Or
trophoblastic tissue known as villi. A vill us consists of'^mesenchymal (network of embryonic 
connective tissue) core surrounded by a double layer of cyto- and syncytiotrophoblast. In the 
middle of the mesenchyma, vascular islets appear, the beginning of the future foetal circulation. 
In contrast, the spaces, which are now intervillous spaces are already sites of Intense maternal 
circulation. The villus develops a treelike form. Some branches of the villi make contact with 
maternal tissue and are called anchoring villi (Figure 4.1.1). The blood of the mother and the 
foetus never mix, since they are always separated by the placental membrane, a  barrier, 
consisting of trophoblast, basal lamina, connective tissue and endothelial lining of blood vessels 
themselves. The structure of the placenta is intimately related to its function. Through the 
placental barrier substances pass in a two way stream, substances which must be eliminated by 
the foetus and substances from the mother which are needed for respiration, growth, fluid.
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Figure 4.1.1: Schematic Drawing of a Section Through a Mature Placenta f2341
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Figure 4.1.2: Diagrammatic Illustration of Placental Transfer [2341
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balance and Immunological defence of the foetus, Figure 4.1.2 [234,236].
Several structurally different types of placentae have appeared among the mammals.
These differ in the numbers and types of cell layers intervening between the blood of the mother
and that of the embryo, and they are named accordingly [236]:
1. Epitheliochorlal - the chorion rests upon an Intact uterine epithelium (in pigs and
horses).
2 . Syndesmiochorial - varying amounts of the uterine epithelium may be absent, thus 
bringing the chorion into contact with the connective tissue (in deer , giraffe and cattle).
3. Endotheliochorial - no maternal connective tissue Intervenes between the endothelium of
the matemal vessels and the chorionic epithelium (in dogs and cats).a
4. h^mochorial - the endothelial continuity of the maternal blood vessels is disrupted and 
the chorion is actually bathed in maternal blood (in humans, rats and rabbits).
Placental transfer Is more rapid in the h'emochorial placenta than in the other types and 
the rate depends upon the thickness of the membrane.
During the development of the embryo, exuberant development of the trophoblast during 
the period of Invasion occurs, followed by the gradual reduction of the epithelial layers of the villi 
after their invasive role has been carried out and the thinning thereby of the amount of tissue 
through which the interchanges between foetal and maternal blood take place. As pregnancy 
advances, the villi grow greatly in size and the complexity of their branching increases. The main 
concentrations of villi are known as "cotyledons". Between cotyledons, the maternal tissue has 
been less deeply eroded and constitutes the "placental septa" (Figure 4.1.3).
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Figure 4.1.3: A Scheme to Show the Relationships of a Full-Term In-Situ Placenta
and Its Membranes f2371
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The basis of placental function is the pattern of circulation of maternal and foetal blood 
in relation to the villi and placental barrier. The major function of the placenta consist of transport 
of substances in both direction across the placental barrier.
From maternal side: , |
1. Easily diffusable substances such as oxygen, water and inorganic Ions are transported j
to the foetus. I!
2. Low molecular weight compounds, such as sugars, amino acids and lipids require active ;
transport across the membranes of placenta. |
3. Larger molecules, such as protein hormones and antibodies require a means of
transport involving pinocylosis as well as diffusion, where pinocytosis is formation of i
•the
invaginationsof^cell membrane which close and break off to form fluid filled vacuoles in j
the cytoplasm.
From the foetal side, the principal substances transported across the placenta are COg, 
water, electrolytes, urea and other waste products of foetal metabolism.
Taking into account that the major function of placenta is the transport of substances to 
and from the foetus including minerals, trace element analysis of the human placenta has already 
been particularly useful in studies of (I) The uptake and transport of nutrients to the foetus, and j
(li) the adverse effect of environmental pollution on pregnant women and their foetuses, the 
vulnerable groups of general population at risk [238,239,240,241,242,243,244].
Research centred on the elemental concentration of placenta has also been useful in 
providing a greater understanding of the relationship between elemental status and obstetric data 
relating to the outcome of the pregnancy, such as low birth weights [245,246] and still births
[247].
The range of concentrations of elements in human placenta which has been reported in 
the literature is summarised in Table 4.1.1.
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Table 4.1.1: Reported Literature Values for Elemental Concentrations 
fug g') of Human Placenta
Ref Technique Dry or Wet 
Sample Ag
Elements
Al As
182 Variety - AAS, 
NAA, SAS
Dry 0.019 - 0.13
182 Grav Wet 1.1
245 NAA Dry 0.0023 - 0.0083 0.68 - 5.44 0.036 - 0.638
240 AAS Wet
248* AAS Dry
243 AAS Dry
249+ AAS Dry
246+ AAS Dry
241 AAS Dry
244+ AAS Dry
250+ NAA Dry
Range Dry 0.0023 - 0.0083 0.68 - 5.44 0.019 - 0.683
Range Wet 1.1
Range Dry & Wet 0.0023 - 0.0083 0.68 - 5.44 0.019 - 0.638
Table 4.1.1 Continued
Ref Dry or Wet 
Sample Au
Elements 
B Ba Br
162 Dry 16 - 40.4
182 Wet
245 Dry 0.00005 - 0.0005 0.94 - 5.01 0.012 - 0.237 0.57 - 6.05
240 Wet
248* Dry
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry 0.31 + 0.14 • 26.9 ±  14.3
Range Dry 0.00005 - 0.31 0.94 - 5.01 0.012 - 0.237 0.57 - 40.4
Range Wet
Range Dry & Wet 0.00005 - 0.31 0.94 - 5.01 0.012 - 0.237 0.57 - 40.4
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Table 4.1.1 Continued
Ref Dry or Wet 
Sample Ca
Elements 
Cd Ce Cl
182 Dry 855 - 10260 0.102 - 0.4 0.0035 - 0.024
182 Wet 250 - 1230 0.012 - 0.021 2170
245 Dry 113 - 543 0.249 - 1.69 1615 - 3015
240 Wet 0.001 - 0.081
248* Dry 712 + 47
243 Dry 0.0137 - 0.018
249+ Dry
246+ Dry
241 Dry 0.022 - 0.101
244+ Dry 0.0204 + 0.0144
250+ Dry
Range Dry 113 - 10260 0.0204 - 1.69 0.0035 - 0.024 1615 - 3015
Range Wet 250 - 1230 0.001 - 0.081 2170
Range Dry & Wet 113 - 10260 0.001 - 1.69 0.0035 - 0.024 1615 - 3015
Table 4.1.1 Continued
Ref Dry or Wet 
Sample Co
Elements 
Cr Cs Cu
182 Dry 0.023 - 0.07 0.4 5.65
182 Wet 0.036 0.95 - 3.90
245 Dry 0.0147 - 0.054 0.0109 " 0.213 0.0066 - 0.0251 0.71 - 4.99
240 Wet 0.22 - 1.34
248* Dry 8.98 ±  0.9
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry 0.060 + 0.036
Range Dry 0.0147 - 0.07 0.0109 ■ 0.4 0.0066 - 0.0251 0.71 - 8.98
Range Wet 0.036 0.22 - 3.90
Range Dry & Wet 0.0147 - 0.07 0.0109 - 0.4 0.0066 - 0.0251 0.22 - 8.98
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Table 4.1.1 Continued
Ref Dry or Wet 
Sample F
Elements 
Fe Hg 1
182 Dry 731 - 1434 0.06 - 0.12
182 Wet 0.15 570 0.072
245 Dry 0.472 - 2.781 197.6 - 479.7 0.021 - 0.099 0.008 - 0.051
240 Wet 44 - 132 0.002 - 3.166
248* Dry 505 + 22
243 Dry 0.0037 - 0.229
249+ Dry 0.076 ±  0.054
246+ Dry
241 Dry
244+ Dry
250+ Dry
Range Dry 0.472 - 2.781 197.6 - 1434 0.021 - 0.12 0.008 - 0.51
Range Wet 0.15 44 - 570 0.002 - 3.166
Range Dry & Wet 0.15 - 2.781 44 - 1434 0.002 - 3.166 0.008 - 0.051
Table 4.1.1 Continued
Ref Dry or Wet 
Sample K
Elements 
La Mg Mn
182 Dry 0.006 - 0.021
182 Wet 1430 - 1550 0.47
245 Dry 1240 - 1890 0.0022 - 0.0086 113.2 - 216.7 0.324 - 1.376
240 Wet 0.002 - 0.116
248* Dry
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry
Range Dry 1240 - 1890 0.0022 - 0.021 113.2 - 216.7 0.324 - 1.376
Range Wet 1430 - 1550 0.002 - 0.47
Range Dry & Wet 1240 - 1890 0.0022 - 0.0086 113.2 - 216.7 0.002 - 1.376
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Table 4.1.1 Continued
Ref Dry or Wet 
Sample Mo
Elements 
Na Ni Pb
182 Dry 0.06 - 0.30 6700 - 7750 1.83
182 Wet 1990 - 2500 0.35 - 1.4
245 Dry 0.041 - 0.438 1745 - 2740 0.216 - 0.687
240 Wet 0.005 - 0.174
248* Dry
243 Dry 0.043 - 0.28
249+ Dry
246+ Dry 0.35 + 0.23
241 Dry
244+ Dry 0.0226 ±  0.0157
250+ Dry
Range Dry 0.041 - 0.438 1745 - 7750 0.216 - 0.687 0.0226 - 1.83
Range Wet 1990 - 2500 0.005 - 1.4
Range Dry & Wet 0.041 - 0.438 1745 - 7750 0.216 - 0.687 0.005 - 1.83
Table 4.1.1 Continued
Ref Dry or Wet 
Sample Rb S
Elements
Sb Sc
182 Dry 6.20 - 25 0.016 - 0.073 0.00028 - 0.00048
182 Wet
245 Dry 3.34 - 8.99 2030 " 3450 0.008 - 0.0236 0.00039 - 0.00139
240 Wet
248* Dry
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry 14.0 ± 3 .5
Range Dry 3.34 . 25 2030 > 3450 0.008 ■ 0.073 0.00028 - 0.00139
Range Wet
Range Dry & Wet 3.34 - 25 2030 - 3450 0.0083 - 0.073 0.00028 - 0.00139
174
Table 4.1.1 Continued
Ref Dry or Wet 
Sample Se
Elements 
Si Sn Sr
182 Dry 0.47 - 1.70 138 1.1 - 18.4
182 Wet 0.373 14
245 Dry 0.267 - 1.084 3.08 - 12.72 0.281 - 1.366 0.020 - 0.098
240 Wet
248" Dry
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry 1.90 ±  0.41
Range Dry 0.267 - 1.90 3.08 - 138 0.281 - 18.4 0.020 - 0.098
Range Wet 0.373 14
Range Dry & Wet 0.267 - 1.90 3.08 - 138 0.281 - 18.4 0.020 - 0.098
Table 4.1.1 Continued
Ref Dry or Wet 
Sample Ti
Elements 
V W Zn
182 Dry 58 - 77.8
182 Wet
245 Dry 0.129 • 1.052 0.0042 - 0.0236 0.0007 - 0.0027 24.4 - 89.7
240 Wet 4.8 - 15.7
248* Dry 56.3 + 2.3
243 Dry
249+ Dry
246+ Dry
241 Dry
244+ Dry
250+ Dry 58 + 10
Range Dry 0.129 - 1.052 0.0042 - 0.0236 0.00007 - 0.0027 24.4 - 89.7
Range Wet 4.8 - 15.7
Range Dry & Wet 0.129 - 1.052 0.0042 - 0.0236 0.0007 - 0.0027 24.4 - 89.7
Values are expressed as mean + standard error of the mean 
Values are expressed as mean ±  standard deviation
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Placenta has the unusual capacity for extracting a large store of nutrients from the 
matemal circulation and providing a steep gradient towards the foetus, regardless of the mothers 
state of nutrition, ensuring a well grown baby. Nevertheless long-term maternal deficiency of 
trace elements, leads to deficiency in neonatal life, because of inadequate stores [251,252].
Low birth weight status has been associated with many factors such as 
[234,251,252,253,254] (i) nutritional status of the mothers body, especially during pregnancy and 
her dietary Intake, (ii) abnormal or insufficient function of placenta, which may deprive the foetus 
of adequate nutrients, (iii) weight of mother, (iv) restricted space in maternal body, and 
(v) socio-economic status of the mother. The need to maintain hard physical work, throughout 
the pregnancy in the underprivileged groups, in many of the developing countries has shown to 
contribute significantly to the low birth weight cases.
A large number of investigations concerned with the determination of elemental levels 
and their influence on birth weight and gestational age, have utilised bodily tissues and fluids 
such as maternal blood, serum, plasma, hair and cord blood. However valuable data on other 
bodily tissues, such as placenta, which plays an Important role during pregnancy Is not as widely 
available, in relation to these medical parameters (Table 4.1.2).
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The mass of tissue required for analysis is small compared to the total mass of the 
placenta, 1 - 4 g wet weight from 430 - 650 g wet weight [245] of total placental tissue (one 
percent or less). Therefore obtaining a representative sample offers difficulties. Some 
researchers have attempted homogenisation of the placenta before sampling, which increases the 
risk of contamination [240], while other workers have used randomised sampling of unspecified 
regions [242,244,263,264]. Only a few studies have quoted the region of analysis. There is 
morphological evidence about the heterogenity of placenta [265], which could contribute to some 
regional variations of elemental content of this tissue. Bacon et al [265] have documented an 
increased villous and capillary surface density in the intermediate and parabasal plates and 
increased fibrin/necrosis in the subchorial plate and peripheral placental region. Provided these 
variations exist, randomised sampling could have significant influence on the analytical results and 
could cause discrepancies in published data. The homogenisation technique on the other hand 
leads to the loss of valuable information on the regional elemental variation in the placenta that 
might exist.
in this study initially the regional variation of a selected number of elements. Mg, Ca, K, 
Fe, Mn, Cu, Zn and Pb was investigated. Furthermore the elemental concentration of placentae 
was determined in relation to birth weight and gestational age of the neonates, using samples 
from fifty black women from Soweto, South Africa. Some of the factors influencing the elemental 
levels and low birth weight cases in this population have also been discussed.
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4.2 Regional Variations in the Levels of Mg. Ca. Mn. Fe. Cu. Zn and Pb in Human Placenta
4.2.1 Materials and Methods
A placenta sample was collected from an uncomplicated term (forty weeks) pregnancy 
at St George’s Hospital, Tooting, London. The placenta was placed in a polyethylene bag and 
immediately frozen at -20°C. Within a week of coilection, the piacenta was thawed and sampled 
in six regions (Figure 4.2.1):
Region Description
(i) Peri-insertion Within 3 cm of the insertion of umbilical cord (UO)
{«) Interlobular Space
(III) Mid-Disc (close to umbilical cord) 1, Midway between the DC insertion and the
(iv) MId-DIsc (close to disc margin) j  Disc Margin
(V) interlobular Space
(Vi) Periphery The outmost 3 cm of the Disc Margin
The sampies were then weighed (2 - 3 g wet weight) and prepared for anaiysis as 
described in Section 2 .1.2.2. The sampies were analysed for “'‘Mg, ""Ca, ®Mn. ®^ Fe. “ Cu, “ Zn 
and “ ®Pb by lOP-MS. Blanks and samples of NIST 1577 Bovine Liver reference material were 
also included in the anaiysis.
4.2.2 Results and Discussion
The concentration (pg g ‘ wet weight) for the various elements in each sample site is 
presented in Table 4.2.1. Figures 4.2.2 to 4.2.4 show the variation in levels of each element, 
from the region closest to the UO (i), to the outmost region of placental disc margin (vi).
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Table 4.2.1: Elemental Levels in Six Different Regions of Placenta
Elements
Region ''Mg "'Ca s^ Mn ” Fe “ Cu “ Zn 206pb
(i) Peri-lnsertion 75 484 0.050 105 0.59 11 0.0056
(ii) Interlobular Space 65 555 0.035 92 0.42 11 0.0054
(III) Mid-Disc (closer to UO) 82 291 0.073 113 0.69 12 0.012
(Iv) Mid-Disc (closer to disc margin) 73 280 0.050 100 0.62 12 0.0075
(V) Interlobular Space 66 279 0.044 90 0.56 11 0.0059
(vl) Periphery 76 476 0.276 112 0.63 10 0.0098
Values are expressed In pg g ’ wet weight
Table 4.2.2: Relative Standard Deviations of Elemental Concentrations 
of Six Regions of Human Placenta
Element Placental Regional 
%SD
Reproducibility of Digestion Technique 
Using NIST 1577 Bovine Liver SRM 
%SD
"Mg 9 8
"Ca 32 4
“ Mn 106 10
“ Fe 10 21
“ Cu 16 12
“ Zn 6 4
““ Pb 35 4
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Figure 4.2.2: Variation of Mg and Ca Concentrations Along the Placental Disc 
(From Peri-lnsertion to Peripheral Region)
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Figure 4.2.3: Variation of Mn and Fe Concentrations Along the Placental Disc
(From Peri-lnsertion to Peripheral Region)
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Figure 4.2.4: Variation of Cu. Zn and Pb Concentrations Along the Placental
(From Peri-lnsertion to Peripheral Region)
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The relative standard deviations of the regional elemental concentrations are presented 
in Table 4.2.2. These values were compared with the relative standard deviations showing the 
reproducibility of the digestion technique using Bovine Liver NiST 1577 SRM.
It was found that within the placental plate Ca, Mn and Pb showed the highest levels of 
regional variation. Mg, Cu and Zn showed slight variation in concentration when the six placental 
regions were compared and Fe showed no significant variation taking into account the 
reproducibility of the digestion technique.
Table 4.2.1 and Figures 4.2.2 to 4.2.4 show that Mg, Fe and Cu levels were high in the 
peri-insertion, mid-disc and peripheral regions and low at the interlobular spaces. Ca levels were 
lowest in the mid-disc region and the interlobular space close to the periphery. Mn was 
concentrated in the peripheral region. Zn levels were highest in the mid-disc regions and Pb was 
at highest leveis In the mid-disc and peripheral regions of the placental disc.
Taking the analytical methodology into account, the high relative standard deviations 
obtained when six placental regions were compared, can be attributed to the regionai elemental 
variation which in turn can be related to the regional anatomical and blood supply variability of 
the whole placenta [265]. Bacon et al [265] have reported that there W more total villous 
volume in the central compared to the peripheral region of the placenta (P <0.05) and more 
fibrin/necrosis peripherally, although the differences were not statistically significant (P >0.05). 
The higher degree of total villous volume in the centre can be used to explain the high levels of 
most elements. Mg. Fe. Cu. Zn and Pb found in the mid-disc region. High levels of Ca In the 
peripheral region Is assigned to the degenerative changes that are normaliy seen in this region 
[248] and the high levels of Ca in the peri-insertion and Interlobular space close to the UC may 
be due to the high uptake of Ca by the foetus via umbilical veins and arteries. The high levels 
of Mn In the periphery cannot be explained.
The only reported work that challenged the method of randomised sampling and 
documented regional variation In placental elemental composition for Ca, Fe. Cu and Zn, Is by
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Manci el al [248]. Their findings are as follows; (a) higher levels of Ca in the periphery 
compared to the peri-insertion and mid-disc regions, (b) higher levels of Fe in the peri-insertion 
and mid-disc regions compared to the periphery, (c) no significant differences in Cu concentration 
among the sites they examined, and (d) no significant differences in Zn levels of the 
peri-insertion, mid-disc and peripheral region, but a higher Zn concentration in the maternal half 
of the mid-disc in the placenta.
The sampling technique undertaken in this work is similar to that used by Manci et ai
[248], with the exception that the Interlobular spaces were not analysed and the mid-disc region 
was divided cross-sectionally into maternal and foetal halves by Manci et al.
The discrepancies between the present work and that of Manci and co-workers can be 
attributed to the fact that Manci et ai reported an average of results from twenty-one placental 
tissues, whereas the resuits presented in this study originated from only one organ. Furthermore, 
Manci et al used tissues from an age range of fifteen to thirty-nine years old and from a mixed 
Caucasian and black population. However in both cases it is made clear that regional elemental 
variation does exist in piacental tissue.
In summary, regional variation In elemental composition was found In human placental 
disc in this study. Therefore It Is essential to sample from the same specific region rather than 
randomised sampling of the whole placenta In multi-individual studies. This would ensure that 
variations within each sample do not contribute to the statistical evaluations performed between 
individuals. It is also essential to document the sampling site, especially when dealing with 
specific research topics that need to be compared with other reported studies. Unfortunately 
most reported studies found do not quote the placental region analysed [242,244,263,264] and 
only a few have quoted the region of analysis [241,250] or have indicated that a portion of a 
homogenised placenta had been used [240].
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4.3 Assessment of Elemental Status of Placental Tissue in a South African Population, in
Relation to Birth Weight and Gestational Age
4.3.1 Materials and Methods 
Study Population
Placental tissue from fifty black women resident in Soweto township, near 
Johannesburg, were collected at the Obstetric Unit, Baragwanath Hospital, Johannesburg, South 
Africa. The resultant neonates (twenty-seven females, twenty-three males) were related to 
gestational age (range, 31 - 38 weeks) and birth weight (range, 2220 - 4050 g) parameters, with 
forty percent having a birth weight less than 3000 g (reflecting a high proportion of low birth 
weight/small-for-date cases [266]). The study group were defined as mothers without medical or 
any obstetric complications and not requiring long-term therapy before delivery. There were no 
cigarette smokers or consumers of alcohol in this study population.
Sample Preparation
Placenta samples were collected immediately after presentation, placed in polyethylene 
bags and stored at -20"C. Samples were cut from the periphery (outer placental region), using 
plastic knives, weighed (2 - 4 g wet weight), dried and digested, accompanied by blanks and 
samples of NIST 1577 Bovine Liver reference material, as outlined in Section 2.1.2.2.
The concentrations of the following sixteen elements were then determined using 
ICP-MS; "Mg, “ Al, “ K, "Ca, “ Or, “ Mn, “ Fe. “ Co, “ Ni, “ Cu, “ Zn, “ As, “ Sr, “ Mo, "'Cd and 
“ *Pb.
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4.3.2 Results and Discussion
The elemental content (range, mean + standard deviation) of human placental tissue 
collected from fifty black women in South Africa are shown in Table 4.3.1. Values are expressed 
in pg g"* of dry weight. For statistical evaluation the population is subdivided into low and high 
birth weight groups. 2220 - 2960 g and 3000 - 4050 g respectively.
The range of values obtained in this study was compared with the values reported in 
the literature, Table 4.3.2. Most of the results were within the reported range except for some 
elements lower concentrations were obtained in this study which reflects the lower detection limit 
of ICP-MS compared to other analytical techniques employed by other investigators.
A comparison between the birth weight groups using Student’s unpaired t-test showed 
that, statistically significant differences as a function of birth weight existed for a limited number of 
elements. Mg, Cu, Zn and As. The results are shown in Table 4.3.3.
Pearson correlation coefficient was used to evaluate the relationship between the two 
medical parameters, birth weight and gestational age and also between the elemental 
concentration of the placenta samples and each parameter respectively. It was found that a high 
significant correlation (P < 0.001) existed between birth weight and gestational age (Figure 4.3.1). 
However, only a limited number of elements. Mg, K, Fe, Cu, Zn and As showed a significant 
correlation with the two medical parameters (Table 4.3.4). The correlation between K and As 
levels and birth weight, plus Cu and Zn concentrations and gestational age, are shown in Figures
4.3.2 and 4.3.3 respectively.
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Table 4.3.1: Elemental Content of Human Placental Tissue (uo q"* dry weight) 
as a Function of Low/Hlah Birth Weight Status in a Soweto Population
Element Low Birth Weight (n = 20) 
Range (g) = 2220 - 2960 
Mean + SD (g) = 2768 + 174
Range Mean + SD
High Birth Weight (n = 30) 
Range (g) = 3000 - 4050 
Mean + SD (g) = 3326 + 249
Range Mean + SD
"Mg 34 - 250 111 + 5 2 77 - 327 137 + 61
“ AI 0.14 - 4.8 0.73 + 1.0 0.008 - 1.6 0.52 + 0.36
“ K 244 - 7.7 X 10® 2.7 X 10® + 1.7 X 10® 1.3 X 10® - 12 X 10® 3.4 X 10® + 2.3 X 10®
"C a 100 - 3.5 X 10® 764 + 892 155 - 3.0 X 10® 905 + 729
“ Cr 0.074 - 0.79 0.27 + 0.19 0.074 - 0.95 0.25 + 0.22
“ Mn 0.060 - 0.62 0.19 + 0.13 0.10 - 0.34 0.17 + 0.06
“ Fe 33 - 334 177 + 78 25 - 582 209 + 124
“ Co 0.006 - 0.099 0.027 + 0.026 0.006 - 0.040 0.020 + 0.010
“ Ni 0.039 - 0.56 0.18 ±  0.13 0.060 - 0.94 0.19 + 0.19
“ Cu 0.14 - 2.8 1.3 ± 0 ,7 0.93 - 3.7 1 .6 +  0.7
“ Zn 5.0 - 29 15 + 7 1 1 - 4 1 17 + 7
""As 0.004 - 0.061 0.023 + 0.014 0.006 - 0.10 0.038 + 0.022
"Sr 0.024 - 1.0 0.22 ±  0.26 0.021 - 0.83 0.24 + 0.20
"Mo 0.11 - 2.5 0.82 ±  0.71 0.18 - 2.5 0.72 + 0.53
'"Cd 0.007 - 0.14 0.049 + 0.038 0.006 - 0.14 0.038 + 0.031
aoepb 0.017 - 0.19 0.076 + 0.050 0.004 - 0.27 0.071 + 0.051
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Table 4.3.2: Elemental Levels of Human Placental Tissue 
(ua dry weiahtL Comparison of the Values from Soweto 
and Reported Literature Values
Element Soweto Study Range Range of Values 
Collected From 
Literature (Table 4.1.1)
"Mg 34 - 327 113 - 217*
“ AI 0.008 - 4.8 0.68 - 5.44
” K 244 - 12 X 10® 1240 - 1890
"Ca 100 - 3.5 X 10® 113 - 10260
“ Cr 0.074 - 0.95 0.0109 - 0.4
“ Mn 0.060 - 0.62 0.324 - 1.376
“ Fe 25 - 582 197.6 - 1434
“ Co 0.006 - 0.099 0.0147 - 0.07
“ Ni 0.039 - 0.94 0.216 - 0.687*
“ Cu 0.14 - 3.7 0.71 - 8.98
“ Zn 5.0 - 41 24.4 - 89.7
” As 0.004 - 0.10 0.019 - 0.683
“ Sr 0.021 - 1.0 0.020 - 0.098*
“ Mo 0.11 - 2.5 0.041 - 0.438
i"Cd 0.006 - 0.14 0.0204 - 1.69
20Dpb 0.004 - 0.27 0.0226 - 1.83
Values obtained from only one investigation (Ward et al [245]}
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Table 4.3.3: List of Elements Which Showed Statistically Significant Differences 
as Function of Birth Weight (emplovina Student’s unpaired t-test)
Elements Level of Significance
Mg (-), Zn {-) 
Cu (-)
As (-)
PS P < 0.10 
S P < 0.05 
s" P < 0.001
(-) = Lower Levels in Low Birth Weight Cases Compared to High Birth Weight Cases
Table 4.3.4: Statistical Relationship Between Placental Elemental Content 
and Birth Weiaht/Gestational Age (using Pearson coefficient of correlation)
Birth Weight
(g)
Gestational Age 
(weeks)
Level of Significance
Mg, Fe, Cu (+)
K (+)
As (+)
Fe (+)
Mg, Cu, Zn, As (+) 
K(+)
PS P < 0.10 
S P < 0.05 
S* P < 0.01 
S** P < 0.001
(+) = There is a positive correlation between the elemental content 
and birth weight/gestationai age
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Figure 4.3.2: Placental Concentration of K and As
Respectively Against Birth Weight in Soweto Population
n = 50
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Table 4.3.5 shows the elemental levels present in placental tissues of mothers who had 
given birth to male and female babies irrespective of birth weight. Results are presented as the 
mean + standard deviation in pg g^  dry weight. Student’s unpaired t-test (male versus females) 
showed no significant differences between the two groups.
Comparison of the two different neonatal birth weight groups (low, <3000 g and high, 
>3000 g) in the Soweto study, evinced that low birth weight cases had significantly low As 
(P < 0.001), Cu (P < 0.05), Mg and Zn (P < 0.10) levels compared to high birth weight cases. 
The concentrations of Mg, K, Fe, Cu and As In maternal placenta samples In the whole 
population was positively correlated with both birth weight and gestational age parameters. Only 
Zn showed a positive correlation with gestational age. All of these elements in a deficiency state 
are well known to have biochemical side effects and be teratogenic.
Experimental studies on animals have produced strong evidence that As has an 
essential physiological role. The offspring of dams, supplemented with lower As levels 
(30 ng g ’) were reported to show, significantly slower rate of growth than controls receiving 
higher (4.5 pg g^) As supplement. The beneficial effects of various organic arsenicale on the 
growth and health of pigs and poultry have also been documented [5]. The results obtained in 
this study which show significantly lower levels of As In the low birth weight cases also 
demonstrates the effects of low As levels on human growth.
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Table 4.3.5: Placental Elemental Concentration of the Mothers with
fa) Male and fb) Female Neonates
Elemental Concentration of Placenta 
(pg g "* dry weight)
Element Group A (male offspring) 
Mean + SD (n = 23)
Group B (female offspring) 
Mean + SD (n = 27)
"Mg 140 + 68 116 + 47
''Al 0.74 + 0.94 0.48 + 0.36
“ K 3.2 X 10" + 2.0 X 10® 3.1 X 10® + 2.3 X 10®
"C a 975 + 880 740 + 708
“ Cr 0.26 + 0.18 0.24 + 0.23
®®Mn 0.17 + 0.07 0.19 + 0.11
®"Fe 202 + 104 191 + 114
"Co 0.025 + 0.022 0.021 + 0.014
"Ni 0.16 + 0.08 0.20 + 0.22
“ Cu 1 .5 +  0.8 1 .5+  0.6
“ Zn 17 + 7 16 + 7
7*As 0.029 + 0.021 0.032 + 0.021
“ Sr 0.25 + 0,25 0.19 + 0.21
“ Mo 0.70 + 0.67 0.68 + 0.55
'"Cd 0.046 + 0.036 0.034 + 0.032
«>6pb 0.081 + 0.045 0.067 + 0.054
197
The relationship of Cu and Zn with birth weight and gestational age have been studied 
by many researchers, but In most cases maternal blood, serum, plasma and hair have been used 
as the indicators of the deficiency state. The results and conclusions have been contradictory 
(Table 4.3.6) and this may be due to variability of the Cu and Zn levels In serum, plasma and 
hair especially during pregnancy [35,36,37,41,207]. Zn levels have been reported to decrease 
gradually during pregnancy In serum, plasma and hair whereas a rise In Cu level has been 
reported In serum and plasma. The only other reported studies which correlated birth weight with 
placental elemental content were performed by Ward et al [245,246], which In agreement with this 
study showed positive correlation between placental Cu and Zn levels and birth weight. 
Dura Trave et al [267] also reported a positive correlation between Zn concentration of amniotic 
fluid and foetal weight. The Cu concentration in foetal liver Is also reported to be positively 
correlated with gestational age, by Shaw [54].
Wang et al [268] has shown that, feeding rats a low Mg diet during pregnancy produces 
offspring with a low body weight and low serum Mg levels, in this study It was also shown that 
In humans Mg levels In placental tissues of mothers with low birth weight babies was lower than 
the controls. However other studies by Bodgen et al [42,257] have reported, no significant 
differences in Mg concentration between low birth weight and normal birth weight groups for 
either maternal or cord blood and no significant correlation was found between the Mg level In 
these body fluids and birth weight.
A significant correlation has been reported between low semm Fe In the mother and low 
birth weight [42]. Bodgen et al, In one study [42] reported that, the Fe levels In maternal plasma 
samples were significantly lower In the tow birth weight groups, compared to control groups. In 
another study [257] however, he reported a higher Fe level In maternal blood in tow birth weight 
groups but a tow Fe level in cord whole blood. This again rises the question of the validity of the 
results using plasma or serum as an indicator of elemental status and the need to look at other 
bodily tissues as an alternative. Plasma Fe levels, just like Zn, progressively decrease during 
pregnancy [42].
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Table 4.3.6: Reported Cu and Zn Status in Relation to 
Birth Weight and Gestational Ace
Element Body Fluids and Tissues 
Analysed
Correlation Medical Parameter Reference
Cu Maternal and Cord Blood No Birth Weight 42
Maternal and Cord Blood No Birth Weight 257
Maternal and Cord Plasma - Birth Weight 255
Maternal Serum (at term) Birth Weight 258
Zn Maternal Leucocyte + Gestational Age 256
Maternal Serum + Gestational Age 48
Maternal Serum + Birth Weight 39
Material Serum + Birth Weight 258
Maternal and Cord Plasma + Birth Weight 255
Maternal and Cord Blood No Birth Weight 42
Maternal and Cord Blood No Birth Weight 259
Maternal Hair - Birth Weight 39
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Most of the investigations that have dealt with elemental status in relation to birth weight 
and gestational age parameters, have not reported any relationship between K and these medical 
parameters. In this study K has shown a significant positive correlation (P ^ 0.01) with birth 
weight and gestational age. has a profound influence on a whole series of different metabolic 
processes. The consequences of deficiency in organisms are reported to be: (a) accumulation 
of soluble carbohydrates and reducing sugars, (b) impaired synthesis of starch and glycogen, 
(c) accumulation of amino acids, (d) blockage of protein synthesis, (e) retardation of the utilisation 
of respiratory substrates, and (f) decrease in rates of phosphorylation. Some of these effects 
have been reported for low birth weight babies, for example, high incidence of hyperglycaemia 
(blood glucose >180 mgdM) and respiratory disorders have been reported, in low birth weight 
neonates [269].
Since none of the known foeto-toxic heavy metals (Cd, Pb and Hg) were significantly 
elevated In the low birth weight group, the observed low levels of Cu and Zn w^renot associated 
with possible toxic metal-essential metal antagonisms [239,262,270,271,272,273]. Similarly, since 
placental tissue reflects long-term variation of metal availability, the significantly lower levels of 
Mg, Cu, Zn and As in the low birth weight cases reflected a possible lack of nutritional mineral 
intake during pregnancy in the population.
The mothers who took part in this study were thought to have maintained their manual 
jobs throughout the pregnancy, because of their poor socio-economic status. Their typical main 
meal was predominantly maize-meal porridge called "pap", accompanied by "amasi", (soured 
milk). Meat and vegetables were taken mainly at the weekends, Sunday lunch for example would 
be chicken or bacon with cabbage, tinned peas, potatoes or pumpkins.
Comparison of the placental elemental range from this study, with reported British 
(Barnsley) pregnancies [245] analysed by NAA, over a birth weight range of 2100 - 4810 g, using 
Student's unpaired t-test showed significant differences between the elemental levels of these two 
groups (Table 4.3.7).
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The Soweto population had lower levels of Mg, A!, Mn, Fe, Ni, Zn, As, Cd and Pb (S’* 
ie P < 0.001), Co and Cu ( S i e  P < 0.05) and higher levels of K, Ca, Cr, Sr, Mo (S*‘ ie 
P < 0.001) compared to Barnsley population.
The Barnsley population comprised of 40% cigarette smokers, therefore Cd levels were 
higher in Barnsley study group compared to the Soweto one.
Barnsley is located in an active coal mining area [275], which gives rise to high levels of 
As pollution in the area [274]. This explains the significantly (P < 0.001) high levels of As in the 
Barnsley population compared to the population In Soweto. The contribution of exhaust smoke 
due to combustion of tetraethyl and tetramethyl lead enriched petrol to the air pollution in England 
must have had an influence on the higher Pb levels found in Barnsley population compared to 
Soweto.
Although the birth weight range of the Soweto population (2220 - 4050 g) was about the 
same as the Barnsley population (2100 - 4810 g), the average birth weight of the former (3102 g) 
was lower than the latter (3377 g). Indicating higher percentage of low birth weight cases in the 
Soweto population. The significant differences in the elemental concentrations of the placenta 
samples of the two populations can be attributed to, (a) the differences in the diets of the two 
populations, (b) their socio-economic status, and (c) the general atmosphere and environmental 
pollution of the two communities.
In Soweto their main diets consisted of. foodstuff low in most minerals. Table 4.3.8 (as 
no data on elemental concentration of maize-meal and soured milk was available, data of similar 
foodstuffs such as milk, yoghurt, and cornmeal. Is quoted from McCane and 
Widdowson [276,277]). Also due to their poor socio-economic status, they were forced to 
maintain their jobs throughout their pregnancy. It has been reported [251,252] that a combination 
of the upright posture In humans, exercise and high ambient temperature, results In the vascular 
constriction in the interior organs, such as the placenta In pregnant women. This results in lower 
blood flow rate within the placenta, which in turn hampers the physiological role of the organ.
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This suggests that given the necessity for manual labour of the mother, even if adequate daily 
intake of nutrients is ensured, the effect on the birth weight of the neonate may not be significant.
Table 4.3.8: Elemental Constituents of the Predominant Foodstuff 
Consumed bv the Soweto Studv Population
Element mg/100 g
Food K Ca Mg Fe Cu Zn
Milk
(Cows, Fresh, Whole)
110 - 170 110 - 130 9 - 14 0.03 - 0.06 0.01 - 0.03 0.2 - 0.6
Yoghurt
(Natural)
240 180 17 0.09 0.04 0.6
Maize Grit 80 4 20 1.0 N '2.3 ±  0.2
Cornmeal 170 3 44 1.3 0.15 1.0
N -  No information available
The values are quoted from McCance and Widdowsons’s "The Composition of Foods" [276] & 
[277]
* ® Quoted from Underwood, "Trace Elements in Human and Animal Nutrition" [5]
In England, on the other hand, the women rest in their late pregnancy and consume 
more variety of foodstuffs and therefore obtain higher levels of minerals compared to the Soweto 
population. For example, daily intake of Fe, Cu and Zn from English diet is reported to be 23, 
2 - 4 and 14 mg/day respectively, which are apparently fully adequate for all normal individuals, 
except for Zn where the recommended daily intake (by National Academy of Sciences) required 
by pregnant women is 20 mg [5], which accounts for low Zn status found in low birth weight 
cases in England [245,246].
High levels of K and Ca in the Soweto population can be associated with their main diet
n
which is high in K and Ca (Table 4.3.8). There are also intesive mixed farming around 
Johannesburg [278] which means large usage of fertilisers in the area which are high in K and 
Ca [274].
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The general atmosphere in Soweto is basically dry and dusty. The backyard to the 
houses are dry and dusty for most of the parts and the majority of the roads are dirt tracks which 
are extremely dusty in the dry season. This can explain the high levels of Cr and Sr in the 
Soweto population which are found in high concentration in soils [274]. There are Au, Fe, U, Ag, 
Cr and coal mines around the Johannesburg area [278] which may explain the high levels of Cr 
and also Mo in the population. Mo is reported to be found in industrial smoke [274].
In summary, using placental tissue to determine the relationship between elemental 
concentration and birth weight or gestational age. It was found that elements such as Mg, K, Fe, 
Cu and As showed positive correlation with birth weight and gestational age and Zn showed a 
positive correlation with gestational age. Essential elements such as Mg, Cu, Zn and As were 
found to be lower in concentration in low birth weight cases compared to the high birth weight 
groups. Comparison of two communities, Soweto and Barnsley, showed that the significant 
differences in elemental levels found between the groups were related to their diet, 
socio-economic status, percentage of smokers, the general atmosphere and the environmental 
pollution of the two communities.
On the whole, multielement analysis of placenta by ICP-MS has added valuable 
Information to the literature especially on the levels of elements such as Mg, Ni and Sr which 
were found to have only been quoted in one other study [245] and other elements where only a 
few references were found to quote their concentrations in placenta (refer to Table 4.1.1). 
Regional variation in elemental levels of a placenta sample was found. Therefore, taking a 
specific region from placental discs in multi-individual studies and quoting the region in the 
reports, instead of randomised sampling is stressed. It was also shown that analysing a tx3dily 
tissue such as placenta does provide a useful alternative to bodily fluids and tissues such as 
plasma, serum and hair, for determining elemental levels and their Influence on the outcome of 
pregnancy.
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CHAPTER 5
BRAIN
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5.1 Introduction
The human brain Is the most complex organ of the body. Brain cells require a 
continuous suppiy of oxygen and giucose. Although the brain accounts for only about 2%  of the 
body weight, it receives about 20% of the blood pumped by the heart each minute and consumes 
about 20% of the oxygen used by the body [279].
The nervous system Is one of the first systems to differentiate and function in the eariy 
embryo. Aii the neurons must be manufactured before birth. To accomplish this feat it has been 
estimated that an average of 45,000 neurons per minute must be produced by mitosis and must 
differentiate during the months of pre-natai life [280]. By the end of the first month of embryonic 
development the cephalic end of the neural tube has differentiated and enlarged to form a brain 
that consists of three divisions; forebrain, midbrain and hindbrain, Figure 5.1.1.
Cerebrum, corebeilum, hippocampus and basai ganglia were the four regions of brain 
used for analysis in this study. Cerebrum is the largest and most prominent part of the human 
brain. It is developed from the forebrain [281]. As governer of aii higher mental processes, the 
cerebrum controls motor activities, interprets sensation and serves as the centre of intellect, 
memory, language and consciousness. The cerebrum Is partially divided into right and left 
halves, the cerebral hemispheres, by a deep groove called the longitudinal fissure. Figure 5.1.2.
The cerebellum is the second largest part of the brain. It consists of two lateral masses 
called hemispheres and a connecting portion, the vernius, Figure 5.1.3. Fine co-ordination of 
muscle movements Is the job of the cerebellum. The three main functions being; (1) muscular 
movements are made smooth instead of Jerky, and steady rather than trembling, (2) it acts to 
maintains posture, and (3) it helps to maintain equilibrium using the information from the impulses 
of the vestibular apparatus (organ of balance) in the inner ear, which are continuously delivered 
to the fiocculonodular lobe of the cerebellum [279].
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Figure 5.1.1: Development of the Brain [2791
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Figure 5.1.2: The Cerebrum [2791
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Figure 5.1.4: The Hippocampus [2821
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Figure 5.1.5: The Basal Ganglia [2791
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The hippocampus is a curved eminence, about 5 cm long, which lies in the floor of the 
inferior horn of the lateral ventricle. It consists of grey matter, covered with a thin layer of white 
matter. Its anterior end is somewhat enlarged and grooved, resembling an animal’s paw. Figure 
5.1.4. Assigning precise functions to the hippocampus is difficult. Nevertheless, some progress 
has been made In Identifying certain functions for the hippocampus In relation to the brain and 
body. In humans few olfactory fibres end directly In the hippocampus and although It may be 
partly concerned with olfaction, It may help In controlling visceral functions and emotional 
responses through Its connections with the hypothalamus and the thalamus with the frontal lobe. 
Some of Its parts are concerned with anatomic and emotional activities [281].
Basal ganglia refers to the combination of caudate nucleus, putamen, globus pallidus, 
subthalmic nucleus and substantia nigra, the masses of grey matter buried within the cerebrum, 
Figure 5.1.5.
Caudate Nucleus 1 1
Lenticular f  Putamen J  Striatum > Copus Striatum
Basal Ganglia < Nucleus \  Globus Pallidus -J
Sub thalmic Nucleus 
Substantia Nigra
Terminology Associated with Basal Ganglia
Some people Include the red nucleus and the brain stem reticular formation as well 
[282]. In humans basal ganglia are thought to be Involved In planning and programming 
movements. Complex neural circuits link them with the cerebral cortex, providing opportunities for 
Information feedback. The ganglia use the sensory Information fed to them from various sensory 
pathways to help the association areas of the cortex make appropriate decisions for responding 
to sensory Input [279]. Involuntary movements and disturbances of muscle tone figure 
prominently In most disorders Involving the basal ganglia. The Involuntary movements are 
customarily sub-divided into tremors and states of (a) continuous rapid movements of face, 
tongue, or limbs, (b) slow writhing movements especially in hands and fingers, or (c) wild flailing 
movements in one arm and leg.
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During the perinatal period of human development, the brain Is one of the most 
Important organs of the body. Therefore, In this chapter the brain was used to Investigate the 
consequences of any deficiency or toxic effects of amino acids and trace elements on the 
developing foetus, especially In relation to a teratological disorder, le stillbirths.
The known physiological causes of stillbirths have been reported to be; conditions of the 
mother (heart, renal. Infectious diseases and diabetes), pre-eclampsia, antepartum haemorrhage, 
abnormalities of the cord (prolapse, cord around neck), difficult labour, other conditions of the 
placenta (Insufficiency, Infarction), Intrauterine anoxia and more recently multiple pregnancy [283]. 
However, the chemical and biochemical aspects Involved are still In need of more research.
5.1.1 Trace Elements In Developing Brain
The Influences of trace elements on brain development and function have been 
appreciated by scientists for many years. These discoveries have occured through clinical 
observation of humans, farm animals and controlled laboratory experiments. The essentiality or 
toxicity of the trace elements In brain have mainly been Identified by the syndromes or Injuries 
observed due to their deficiency on their presence at a higher than the estimated natural body 
burden.
During brain development metal ions may play Important roles In (I) neuronal and glial 
development and differentiation, (II) maturation and function of the blood-brain barrier, 
(Hi) functional development of neurotransmitter systems, and (iv) maturation of brain energy 
metabolism. It has also been suggested that In aging metals may have key roles associated with 
blood-brain barrier dysfunction, endocrine malfunctions and brain calcification [284].
A nutritional deficit of Fe during early development (gestation or lactation) has been 
reported to lead to significant reductions In brain ferritin and nonhaem Iron pools. Even after 
repletion this deficit had remained, probably because of the slow turnover of brain Iron and the 
establishment of the blood-brain barrier. This eariy nutritional Fe Insult had long term
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consequences to the behaviour of rats. It has also been shown that dietary Fe deficiency alters 
neurotransmitter homeostasis [285]. Maternal Zn deprivation during the latter third of pregnancy 
In rats and monkeys has been found to affect adversely the subsequent behaviour of off-spring. 
Similarly In rats Zn deficiency from birth to weaning have affected later behaviour. Histological 
abnormalities were found In the cerebellum at weaning and the hippocampus In later life. Severe 
acute Zn deficiency In rats has altered brain transmitter level. In humans, severe acute Zn 
deficiency has also shown to cause neurophysical impairment [286]. Cu Is another trace element 
that has been found to be of critical Importance during Intrauterine and neonatal life and that 
limitation of Cu during this Interval may result in long-term neuropsychological sequelae. Low 
brain cytochrome oxidase activity has been described In Cu deficient animals and postulated as 
the cause of suppressed myelin formation [287]. Infants suffering from Menkes’ syndrome, 
display severe deficits In myelin and neuronal death. Their behaviour Is characterised by 
deterioration In mental function and seizure. Impaired Cu absorption and utilisation has been 
reported In this disease.
A relationship between deficits In neuropsychological function and elevated levels of Pb 
In hair of children have been reported [286]. Similarly, residual neurologic sequelae were 
observed In children who had been previously hospitalised for Pb poisoning [288]. Due to the 
Inadequacies of existing animal models of low level lead exposure, firm conclusions concerning 
the morphological consequences of such Insult to the developing brain cannot be confirmed yet. 
However, there Is tentative evidence that sub-clinlcal levels of lead may Impair neuronal growth 
and connectivity in the developing brain [289].
Concentrations of a selected number of elements In adult and Infant human brain tissue, 
reported In the literature are listed In Table 5.1.1. More Information on these values are 
presented in Table 5.1.2.
In this study foetal brain samples from stillbirths were used to Investigate whether 
deficiency or toxicity of elements, was one of the many factors Influencing this fatal outcome of 
pregnancy.
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Table 5.1.2: Information on References Used in Table 5.1.1
Reference Method of Analysis No of Samples Age
290 (Adults) INAA 28 20 - 99 Years
290 (Infants) INAA 7 Premature Infant - 
1 Year
297 FAAS 28 Foetuses 
(22 - 43 Weeks Gestation)
291 Gamma Ray 
Spectroscopy
5 1 5 - 8 1  Years
285 Various - -
292 (Adults) AAS 12 1 0 - 8 9  Years
292 (Infants) AAS 92 0 - 9  Years
293 AAS 29 0 - 80 Years
294 AAS 138 Adults
182 NAA. AES. MS 
XRF, AAS. SAS, VOL
- -
295 AAS 3 -
296 AAS 12 Stillbirths 
15 Livebirths Less Than 2 Weeks
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5.1.2 Amino Acids in Developing Brain
Amino acids are important in the brain for their role in the intermediary metabolism, 
participation in the citric acid cycle, in protein synthesis and for their putative neurotransmitter 
functions [298,299,300]. Like other species, human foetal brain is rich in glutamic acid. It 
constitutes nearly 50% of the total brain amino acid pool. However in total quantity the value is 
only 33% of the adult brain. This low glutamic acid pool is due to an increased demand for a 
very high rate of protein synthesis, particularly the acidic proteins which are relatively abundant in 
the developing human foetal brain. Another amino acid, serine is about ten times higher in the 
foetal cortex than in adult. This relatively high concentrations of serine is perhaps due to its 
participation in giycine synthesis in the young human brain, analogous to that found in other 
species. It is also utilised in many other important metabolic processes [301].
The omission of single essential amino acids from the maternal diet has shown to 
produce effects essentially similar to those produced by total protein deprivation in the 
comparable period of pregnancy, at least as far as pre-natal brain development is concerned 
[302]. This Is because, for maximum utilisation of dietary protein or amino acids for efficient 
protein synthesis all of the essential amino acids must be available to the body at approximately 
the same time.
An inadequate supply of essential amino acids has been shown to influence a variety of 
developmental processes in the foetal brain, for example, the rate of ceil proliferation, outgrowth 
of processes, formation of synapses, and survival of cells. Different inbalances may have similar 
consequences. During brain growth protein anabolism is greater than protein catabolism. The 
amino acid requirement is therefore exceptionally high and neuronal protein synthesis is 
particularly dependent on an adequate supply of at least those amino acids which are essential to 
brain growth [129].
A few of the teratogenic effects of amino acid deficiencies have already been reviewed 
In Section 1.2.3. However no published data was found on whether a specific aminoacidopathy
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is a factor in stillbirths. This area has therefore been chosen as a part of this study and at the 
meantime a range of values for amino acid concentrations in human foetal brain, which is quite 
scarce in the literature was tried to be established. Since both metal and amino acid 
concentrations were determined in the same bodily tissue, namely foetal brain, it was also 
attempted to see whether any relationships could be established between the two sets of 
measurements, as both metals and amino acids are closely associated and play significant rotes 
in various biological activities.
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5.2 Elemental Brain Status of Human Stillbirths Using ICP-MS
5.2.1 Materials and Methods
Foetal brain tissues were collected from four regions: hippocampus, cerebrum, 
cerebellum and basal ganglia of eleven stillbirths and ten socially terminated neonates as 
controls, from Edinburgh, by Argyll and Bute Hospital, Argyle, Scotland. The samples were 
stored in polyethylene sample tubes at -20"C immediately after dissection.
The brain tissues were weighed accurately (0.1059 - 0.2771 g), digested and prepared 
for analysis accompanied by blanks and NIST 1577 Bovine Liver SRM samples as described in
Section 2.1.2.3. The diluted samples were stored at 4°C until analysis. |
!
The samples were analysed for; *^Mg, ‘”Ca, ®*Cr, “ Mn, "Fe, ®®Co, “ Cu, “ Zn, “ Rb, |
“ Sr, “ Mo. ” 'Cd and "“ Pb by ICP-MS.
5.2.2 Results and Discussion
The elemental levels of foetal brain tissues of the two study groups, stillbirths and the 
controls (consisting of socially terminated neonates), plus the total mean and range of values 
obtained for the whole population are listd in Table 5.2.1. The concentration of each element in 
the four brain regions; hippocampus, cerebrum, cerebellum and basal ganglia are also listed in 
Table 5.2.2 for each study group separately. The levels of “ Cr, “ Mn, “ Co, “ Mo and ’ ’^Cd were 
undetected in the prepared samples; their levels being lower than the detection limit of 0.41, 0.49,
0.10, 0.81 and 0.43 ng ml'’ respectively.
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The elemental concentrations of foetal brain samples obtained in this study were 
compared with the range of reported literature values listed in Table 5.1.1. Not many studies 
were found on the levels of elements in human foetal and infant brain tissue. However 
comparison of the results from this study with the reported data available for infants and adults, 
showed that most of the values in this study were within the reported range, Table 5.2.3.
Student's unpaired t-test was employed to determine any significant differences in 
elemental status of foetal brain tissues of stillbirths and the controls. The results are summarised 
in Table 5.2.4(a). The elemental concentration in each four region of the brain was also 
compared between the two groups. Table 5.2.4(b). The significant differences in elemental levels 
between the four brain regions were likewise investigated within each study group separately, 
Table 5.2.5(a) and (b). Figures 5.2.1 to 5.2.3 illustrate the regional variations of Cu, Zn and Pb 
within each study group.
Comparison of regional differences between the two groups, Table 5.2.4(b), showed that 
stillbirths had higher levels of Ca (P < 0.1) in hippocampus, Sr (P < 0.001) in cerebellum, P 
(P < 0.05) and Fe (P < 0.1) in basal ganglia compared to the controls. However when the 
elemental content in the whole brain was compared. Table 5.2.4(a), none of the elements showed 
any significant differences in concentration between the two groups except for Pb which was 
highly significantly elevated in stillbirths (P < 0.001). Similarly, all four regions in stillbirths 
showed significantly higher concentrations of Pb when they were compared with the 
corresponding regions in the controls. Table 5.2.4(b).
No additional information was available on the foetuses, such as their gestational age 
and their body weight, or on the background of their mothers such as employment or health 
status, due to the regulations of the hospital. However, in general women are exposed to Pb 
from different sources which have already been summarised in Chapter 1.
Patterson [303] estimated that the natural level, ie the natural body burden of Pb, that is 
the tissue concentration which prevailed during the evolution of physiological responses, before
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Table 5.2.3: Comparison of The Elemental Levels in Foetal Brain Obtained in This Study 
With the Range of Values Reported in the Literature
Element
Literature 
(Table 5.1.1)
Adults Infants This Study (Foetal)
""Mg 114 - 690 66 - 150
31 p 1910 - 3500 1.4 X 10" - 2.4 X 10"
*C a 130 28 - 250
"Fe 45.4 - 73.3 12 40 - 218
“ Cu 4.0 - 10.6 2.0 - 16
“ Zn 12 - 84 8.2 4.4 - 42
“ Rb 1.5 - 12 1.9 1.3 - 5.5
“ Sr 0.08 0.067 - 0.126
“ ®Pb 0.02 - 0.78 0.01 - 0.24 0.084 - 0.24
Values are expressed in pg g"* wet weight
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Table 5.2.4: Significant Differences in Elemental Content of Human Foetal 
Brain Tissues of Stillbirths fSB) and Social Terminations (ST)
(a) Total Elemental Content of the Brain Samples (SB/ST)
Element Level of Signifiance
Mg NS
P NS
Ca NS
Fe NS
Cu NS
Zn NS
Rb NS
Sr NS
Pb
(b) Regional Elemental Content of the Brain Samples (SB/ST)
Element SBHC/STHC
Brain Regions 
SBCM/STCM SBCL/STCL SBBG/STBG
Mg
P S(+)
Ca PS(+)
Fe PS(+)
Cu
Zn
Rb
Sr S " (4
Pb S*(+) S*(+) S*(+) S(+)
(+) - SB > ST 
(-) - SB < ST 
HC - Hippocampus 
CL - Cerebellum 
Cl^ - Cerebrum 
BG - Basal Ganglia
Blank or NS - No significant difference 
PS - P < 0.01 
8  - P < 0.05 
S* - P < 0.01 
S** - P < 0.001
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Table 5.2.5: Significant Differences in Regional Elemental Levels Within Each Studv Population:
(a) Stillbirths, and fbi Social Terminations
(a) Stillbirths
Regions
Mg P Ca
Elements 
Fe Cu Zn Rb Sr Pb
HC/CM
HC/CL
HC/BG
CM/CL
CM/BG
CL/BG
S(+)
S(+)
S*(+)
S(-)
S(-)
S(-)
S(-)
PS{+)
S(+)
(b) Social Terminations
Regions
Mg Ca
Eiements 
Fe Cu Zn Rb Sr Pb
HC/CM
HC/CL
HC/BG
CM/CL
CM/BG
CL/BG
PS(+) PS(-)
PS(+)
S(-)
______  S*{4-) ______
S(+)
S(+)
SX+)
S"(+)
PS(+)
S(+) S(-)
PS(+)
S(-)
PS(-)
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man disturbed the environmental distribution of Pb, to be approximately 30 mg kg'^  
body weight. In this study the foetal brain tissues contained much more than the natural
level, ie 0.11 - 0.12 pg g"" wet weight in controls and 0.13 - 0.14 pg g ’ wet weight In stillbirths, 
confirming the suggestion that Pb accumulation appears to start very early in life (ie during 
gestation) [297]. The brain is most vulnerable to Pb during the pre and postnatal period [70]. 
The placental transfer of Pb is reported to begin as early as the twelfth week of gestation [69]. It 
has been observed that unlike Cd, no accumulation of Pb in placenta occurs and the 
concentration of Pb in the blood of the newborns was almost the same as that of the mothers 
[65]. It was also shown in the previous chapter (Chapter 4) that only a partial accumulation of 
Pb occurs in the placenta as there was no significant amount of Pb in the analysed placentas.
In several studies using bodily tissues and fluids such as placenta, bone and blood, 
failure to survive birth (ie miscarriages, stillbirths and spontaneous abortion), sterility, menstrual 
disorders, low birthweights, mental retardation and malformation of neonates have been 
associated with elevated Pb levels [24,68,69,70]. Significantly higher placental Pb concentrations 
were founed by Khera et al [247] in cases of stillbirths. They also reported an average of three 
times higher rib-bone Pb values in stillbirths compared to a control group, comprised of cot 
deaths and early infant deaths from accidental causes. Wibberly et al [304] likewise associated 
increased placental Pb levels with higher risk of stillbirths and congenital anomalies in women 
with occupational histories featuring Pb. Bryce-Smith et al [305] reported very much higher levels 
of both Pb and Cd in bones from stillbirths than in specimens from neonatal deaths. On the 
other hand, Barry [296] did not find higher foetal brain Pb levels in stillbirths compared to 
neonatal deaths. A review outlining the influence of Pb on brain development and function has 
been given by Sandstead [286]. Increased Pb in deciduous teeth of children who had not 
previously been treated for Pb poisoining was associated with deficits in attention and IQ. A 
relationship was reported between deficits In neuropsychological function and elevated levels of 
Pb In hair of children, and high frequency of blood Pb concentrations in the range associated with 
an increased risk of nervous system injury, among urban low income children was documented.
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The mechanism by which Pb affects the nervous system is largely obscure, although it 
is known to block both impulse transmission and acetyichoiine release. Retardation of brain 
growth and a reduction in the DNA content of cerebellum have also been demonstrated in 
lead-toxicated suckling rats [5]. Furthermore, Pb exposure has shown to decrease the 
concentration of Zn in brains of rats and hippocampal function has shown to be impaired by the 
accumulation of Pb in place of Zn in the mossy fibre system [306].
Comparison of the regional variations within each study group, revealed significant 
differences in elemental composition of brain regions. Table 5.2.5. The pattern was not 
consistent for stillbirths and the controls, except for Zn where in both cases hippocampus had 
higher levels of Zn compared to cerebellum and basal ganglia. The controls on the other hand 
showed a clearer variation of Zn status between the four regions, hippocampus > cerebrum or 
cerebellum > basal ganglia (Table 5.2.5b). It is unclear from this study the reasons for the 
inconsistency of the variations within the brain regions of stillbirths compared to social 
terminations. Demmel et al [307] suggested that the regional distribution of trace elements may 
be due to various cell densities and cell volumes within the different brain areas. Also different 
cell types may contain different amounts of trace elements. Specific reactions which are not yet 
known were also suggested to be a reason for the distribution of the trace elements in human 
brain.
Scheuhammer et al [308] and Hui et al [309] have reported the existence of higher 
concentrations of Pb in hippocampus compared to other brain regions which agrees with the 
results found for stillbirths in this study, where Pb levels were higher in hippocampus compared to 
cerebrum and cerebellum. In the case of social terminations Pb levels were higher in 
hippocampus compared to cerebrum only, which in turn with cerebellum had lower Pb levels 
compared to basal ganglia. The results of this study are not in agreement with the findings of 
Kishi et al [310] and Goldberg et al [295] who reported higher concentration of Fe and Cu in 
basal ganglia. In contrast higher levels of Fe were found in cerebrum compared to basal ganglia 
in social terminations. Cerebrum controls motor activities in the body. In a review. Hock et al 
[311] disagrees with previous investigators who had found high Fe levels in brain regions related
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to motor function in mammals and who had suggested that the accumulation of Fe in the areas 
related to motor function is due to certain metabolic processes taking place in this region which 
excessively demand Fe. The data presented by Hock et al [311,307] show that there is no Fe 
enrichment in the cerebral region in contrast to the findings of this work and previous 
investigators.
Kalinowski et al [312] reported that, the initial suggestion that Zn was localised in high 
concentrations within hippocampus was made by Masks in 1955. The results of this study 
confirm the fact that hippocampus is the region highest in Zn level in comparison to cerebrum, 
cerebellum and basal ganglia, which has also been reported by many other scientists since 
Maske in 1955 [285,306,312,313,314,315,316]. More detailed electron microscopic studies 
utilising histochemistry have shown Zn to be localised in the mossy fibre boutons of the 
hippocampus [314]. Since the metai is apparently concentrated within the terminal bags of the 
axons, it has been hypothesised that Zn is involved in mossy-fibre synaptic transmission. Recent 
evidence suggests the Zn pool associated with the mossy fibre boutons may be released by 
nerve stimulations [314]. Howell et al [316] suggests that only 10% of total hippocampal Zn is 
associated with mossy fibres. The remaining 90% represent "background" Zn distributed 
throughout all grey matter presumably reflecting multiple roles of Zn in cell biology. Zn is 
necessary for nucleic acid metabolism and brain tubulin growth and phosphorylation. Lack of Zn 
has been implicated in impaired DNA, RNA and protein synthesis during brain development. For 
this reason its presence is indispensable for undisturbed development of hippocampus and for its 
normal functioning and its deficiency during pregnancy and lactation has been shown to be 
related to many congenital abnormalities of the nervous system in offspring [306,313].
In summary results of this study clearly show a worrying aspect that the toxic metal Pb 
can transverse the blood/brain barrier and accumulate in the developing foetal brain and is one of 
the harmful factors associated with stillbirths. Since there has been a recent decline in Pb levels 
of petrol, canned goods and tap water [24], the effect of lowering Pb contamination should be 
Interesting to Investigate and the remaining routes of Pb exposure to body should ber&&%Wto 
reduce the toxic effects of Pb on population, especially pregnant women and their foetuses.
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Regional variation of elemental levels in brain was also found, showing different distribution 
patterns for stillbirths compared to social terminations. As reported previously in the literature by 
many other investigators, In this study Zn levels were also found to be highly concentrated in 
hippocampus in comparison with other regions of the brain.
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5.3 Free Amino Acid Levels in Human Foetal Brain Tissue: A Comparison Between
Stillbirths and Social Terminations
5.3.1 Materials and Methods
The brain samples collected from eleven stillbirths and ten social terminations used in 
the previous study were also used in this study in order to determine their free amino acid 
concentrations.
The brain tissues were weighed accurately (0.1 - 0.3 g) and prepared for analysis as 
described in Section 2.2.2.6. The concentration of the following fifteen amino acids; Aspartic acid 
(Asp), Glutamic acid (Glu), Serine (Ser), Histidine (His), Threonine (Thr), Glycine, (Gly), Alanine 
(Ala), Arginine (Arg), Tyrosine (Tyr), Methionine (Met), Valine (Val), Phenylalanine (Phala), 
Isoleucine (Isoleu), Leucine (Leu) and Lysine (Lys), were determined by reverse phase HPLC as 
outlined in Section 2.2.
5.3.2 Results and Discussion
The concentrations of fifteen amino acids in the foetal brain tissues of the two study
groups, stillbirths and social terminations, including the range, mean and standard deviation of the 
whole population are listed in Table 5.3.1. The concentration of each amino acid in the four 
brain regions; hippocampus, cerebrum, cerebellum and basal ganglia are listed in Table 5.3.2 for 
each study group separately.
Students unpaired t-test was used to determine the significant differences in the 
concentrations of the amino acids in foetal brain tissues of the two study groups. The results are 
summarised in Table 5.3.3a. The concentrations of amino acids in each four regions of the brain 
was also compared between the two groups. Table 5.3.3b and the regional distribution of each 
amino add was investigated within each study group separately. Table 5.3.4a, b. As examples 
Figures 5.3.1 to 5.3.4 illustrate the regional variation of alanine, isoleucine, phenylalanine and
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Table 5.3.3: Significant Differences in Amino Acid Content of 
Human Foetal Brain Tissues of Stillbirths fSB  ^ and Social Terminations (ST)
(a) Total Amino Acid Content of the Brain Samples (SB/ST)
Amino Acid Level of Significance
Asp NS
Glu NS
Ser NS
His NS
Thr NS
Gly NS
Ala S(-)
Arg NS
Tyr NS
Meth NS
Val NS
Phala S(-)
Isoleu S(-)
Leu NS
Lys NS
(b) Regional Amino Acid Content of the Brain Samples (SB/ST)
Brain Regions
Amino Acid SBHC/STHC SBCM/STCM SBCUSTCL SBBG/STBG
Asp PS(-) PS(-) PS(+)
Glu s - ( - )Ser
His PS(-)
Thr
Gly
Ala S(-) PS(-)
Arg
Tyr 8 X-)Meth
Val
Phala PS{.)
isoleu PS(-)
Leu
Lys
(+) - SB > ST (-) - SB < ST
HC - Hippocampus Blank or NS - hi
CM - Cerebrum PS - P < 0.1
CL - Cerebellum S - P < 0.05
BG - Basal Ganglia S* - P < 0.01
S** - P < 0.001
No Significant Difference
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glutamic acid within each study group.
Comparison of regional differences between the two groups, Table 5.3.3b, showed that 
stillbirths had lower levels of asp (P < 0.1) in hippocampus, asp, phala, isoleu (P < 0.1), ala 
(P < 0.05), tyr (P < 0.01) and glu (P < 0.001) in cerebrum, his (P < 0.1) in cerebellum and ala 
(P < 0.1) in basal ganglia and higher levei of asp (P < 0.1) in cerebellum compared to the 
controls, ie social terminations. Cerebrum seemed to be the outstanding region which was lowest 
in concentration of a number of amino acids in stillbirths compared to socially terminated 
neonates. However when the levels of amino acids in the whole brain were compared. Table 
5.3.3a, the concentrations of only ala, phala and isoleu (P < 0.05) seemed to be lower in 
stillbirths compared to social terminations.
It was also observed that there were differences between the patterns of regional amino 
acid levels found for social terminations compared to stillbirths. Table 5.3.4.
The levels of amino acids reported in literature for human brain, especially foetal brain 
are very scanty. Only two published reports were found on amino acid levels in human foetal 
brain [128,317]. The amino acid levels of brain found in literature are listed in Table 5.3.5 and 
are compared with the range of values obtained in this study. The results of this work were 
within the range of the reported concentrations in the literature. However, a wider range of 
values were obtained in this study, which may reflect the fact that differences may be present in 
the levels of amino acids from individual to individual and the uneven distribution of amino acids 
in developing human brain. In addition, some amino acids exist up to ten times (eg serine) 
higher In their levels in human foetal brain because of their high demand for the formation of 
different compounds required in the metabolic processes during development [301]. Furthermore, 
Roberts et al [321] only documented values from one nineteen year old individual. Perry et al 
[322] from five individuals and Datta et al [128] have not specified the number of samples used in 
their analysis and the concentration ranges. Taiian et al [319] have only reported the amino acid 
content of the frontal lobe of the human brain and Mcllwain et al [318] have documented values 
from human, pig and rat brains. Therefore to obtain a better representative range of amino acid 
levels In human brain, specifically foetal brain, more studies need to be undertaken.
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In this study, the cerebrum, the largest and most prominent part of the human brain, 
contained lower levels of most amino acids in stillbirths compared to social terminations, namely 
asp, glu, ala, tyr, phala and isoleu. Each of these amino acids have vital roles in human brain 
and a deficiency causes side effects that might have contributed to the outcome of stillbirths. 
The role and biochemical functions of these amino acids are outlined below, which may shed 
some light on the importance of their availability at sufficient amounts during prenatal life.
Glutamic acid and aspartic acid - Of individual amino aicds, glu, asp and their 
immediate metatx)lites are of outstanding importance to the brain. They may be rapidly and 
efficiently utilised for energy production when glucose supplies are limited. Both amino acids are 
known chemical transmitters, as well as filling other metabolic roles [323]. In most animal tissues 
glu itself or as its amide, glutamine, is predominant among amino acids as one occuring in high 
concentration and undergoing active metabolism. This is true in mammalian brain, where the 
acid and amide constitute up to 60% of the free a-amino-nitrogen and undergo various metabolic 
changes [318]. Glu in particular is incorporated into proteins and peptides, is involved in fatty 
acid synthesis, contributes (along with glutamine) to the regulation of ammonia levels and the 
control of osmotic and anionic balance, serves as precursor of GABA (gamma-aminobutyric acid) 
which acts as a neurotransmitter and citric acid cycle intermediates, and is a constituent of at 
least two important cofactors (glutathione and folic acid) [317]. It also plays a key role in 
ammonia removal in the absence of a fully functional urea cycle in the brain [323]. This 
glucogenic and non-essential amino acid was significantly lower (P < 0.001) in the cerebrum of 
stillbirths.
Asp is also important for its participation in protein synthesis and the control of the rate 
of citric acid cycle operation and the maintenance of the balance of its different constituents [324]. 
Asp similariy is a glucogenic and non-essential amino acid. It was lower (P < 0.1) in cerebrum 
and basal ganglia of the stillbirths, but higher (P < 0.1) in their cerebellum.
Alanine - It has been reported that ala is released from some tissues as the "end 
product" of amino acid metabolism and serves as "nitrogen carrier" in the plasma. This implies
245
that much nitrogen is conveyed from tissue to tissue in the form of ala. The nitrogen for the 
synthesis of nucleic acids and some of the non-essential amino acids in foetal tissues may 
therefore be supplied largely in the form of ala [325,326]. Ala occurs generally as a constituent 
of the pantothenate moiety of coenzyme A. It is also a constituent of some neuroactive peptides 
such as carnosine [318]. Due to the low oxygen tension in the brain, the glucose is hardly 
broken down further through the citric acid cycle in the late embryogénie stage. Thus, pyruvate 
is forced to be converted Into lactic acid by lactate dehydrogenase. This enzyme does not 
change its activity through the developmental stage. Consequently pyruvate is also forced to be 
converted into ala by alanine aminotransferase and it is accumulated in the brain up until birth. 
After birth since the oxygen tension in the brain increases and the citric acid cycle begins to be 
fully operative, the accumulated ala is converted into pyruvate by alanine aminotransferase, which 
has been induced up until twelve hours after birth. Pyruvate can then be easily broken down 
further through the citric acid cycle. Accordingly the level of ala decreases [123]. Ala like glu 
and asp is a glucogenic and non-essential amino acid. Stillbirths in this study had lower levels of 
ala store in the cerebrum (P < 0.05) and the basal ganglia (P < 0.1) compared to the controls.
Tyrosine - Tyr in foetal brain is utilised in the formation of related compounds such as 
melanin, thyroxin and catecholamines [324]. Tyr is actively transaminated in neural tissue. By 
far the most interesting aspect of the neural metabolism of tyr is its conversion to catecholamines, 
established neurotransmitters. The principle catecholamines found in the body; norepinephrine, 
epinephrine and dopamine, are formed by hydroxylation and decarboxylation of pheala and tyr. 
Pheala hydroxylation by phenylalaninehydroxylase enzyme produces tyr which then followed by 
further hydroxylation and decarboxylation produce catecholamines [120]. Phenylalanine 
hydroxylase and tyrosinehydroxylase have been demonstrated to exist at low levels in human 
foetuses [327] and increase dramatically at birth. Tyr is non-essential, both glucogenic and 
k^ogenic amino acid. The levei of tyr was significantly (P < 0.001) lower in stillbirth cerebral 
region.
Phenylalanine - Pheala and tyr are used to produce fumurate (a citric acid cycle 
intermediate), acetoacetate (a normal fuel of respiration) and are quantitatively important as
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sources of energy. In the case of prolonged starvation, 75% of the fuel needs of the brain are 
met by acetoacetate, although glucose is the major fuel for the brain [119]. Phala is also both 
ketogenic and glucogenic but unlike tyr it is an essential amino acid. The cerebral region of 
stiiibirths was lower (P < 0.1) in phala compared to the controls.
Isoleucine - Isoleu like phala is an essential, both ketogenic and glucogenic amino acid. 
Some of its carbon atoms emerge in acetyl CoA or acetoacetyl CoA whereas others appear in 
potential precursors of glucose. Isoleu is used to produce propionyl CoA which is converted to 
succinyl CoA, a citric acid cycle intermediate [119]. The cerebral region of stillbirths was also 
lower (P < 0.1) in isoleu.
Histidine - This amino acid was found to be low (P < 0.1) in the cerebellum region of 
stillbirth brains. His is an essential and a glucogenic amino acid. It is used to form glu which is 
then converted into a-ketoglutarate, a citric acid cycle intermediate. In the nervous system, his is 
decarboxylated into histamine which has transmitter function [320].
Taking the amino acid levels in whole brain, ala, phala and isoleu, whose main roles
n
have already been discussed were predominatly lower in stiiibirths (P < 0.05) compared to social 
terminations.
This study was also aimed to investigate whether any links could be established 
between metal ions and amino acids of the brain by analysing both entities in the available brain 
samples.
Regional analysis of amino acid and metal concentrations of brain in this project has 
proved some of the facts already documented in literature and has also raised some questions 
that have not been touched before. The acidic amino acids are among the most abundant 
amines in tissues of the nervous system and the occurrence of individual amino acids in high 
concentrations may indicate a possible function in addition to participation In general metabolic 
processes. Acetylcholine, glu and asp have been reported to be present in the hippocampus in
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sufficient quantities and therefore merit the consideration of being excitatory transmitters. The 
high Zn content in hippocampus and its localisation in mossy fibre boutons has also raised some 
speculations that Zn not only plays an important role by its incorporation into metalloenzymes and 
more general metabolic functions but is also involved in hippocampal pathways. The Zn^ ion 
binds with bioactive ligands that are electron donors, it is therefore reasonable to predict that Zn 
in mossy fibres is associated with a ligand or atom characterised by iow ionisation, high 
electronegativity, large negative charge or small ionic size, the capacity to form ionic bonds and 
the availabliiity of high energy and latent electronic orbitals. It has been shown that stable 
complexes are formed by ligand bonding between free glu and Zn. This might account for their 
simultaneous existence at high levels in the hippocampus and the fact that larger portions of 
mossy fibre Zn is bound to glu than to a protein or other macromolecule [328]. The hypothesis 
that a Zn-glutamate complex forms in vivo is still in need of experimental validation. In this study 
taking the regional brain concentrations of amino acids and metals in the total population, it was 
found that the hippocampus contained significantly higher levels of Zn, glu and asp compared to 
other regions of the brain. Table 5.3.6.
Table 3.5.6: Comparison of Hippocampal Concentration of Zn. Glu. Asp and Ser 
With the Concentrations in Cerebrum. Cerebellum and Basal Ganglia of the Total Population
(Using Student's Unpaired t-test)
Element or 
Amino Acid
Brain Regional Comparison 
HC/CM HC/CL HC/BG
Zn S S* s**
Glu S S s
Asp S NS PS
Ser S* NS s
HC - Hippocampus 
CM - Cerebrum 
CL - Cerebellum 
BG - Basal Ganglia
NS - Not Significant
PS - Possible Significant P < 0.10
S - Significant P < 0.05
S* - Highly Significant P < 0.01
S** - Very Highly Significant P < 0.001
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Another amino acid that also showed higher concentration in hippocampus compared to 
cerebrum and basal ganglia was serine, Table 5.3.6. The pathway of biosynthesis of ser is as 
follows:
Glucose
NAD+ NADH
3-Phosphoglycerate ► 3-Phosphohydroxypuruvate
O HV
I
H-C-OH
I
HO-C-HI
H-C-OHI
H-C-OHI
CHgOH
COOI
H-C-OH
ICH,
c
Serine -4- 3-Phosphoserine
COOI
C = 0 I
C K
O PO /
Glutamate
a-ketoglutarate
COOI
^HgN-C-H
CHj
OH
COO
^HgN-C-HI
CHg
OPO,
The amino group donor (to 3-phosphohydroxypyruvate) was shown to be glu [119,330]. 
which is converted to a-ketoglutarate which in turn is a point of entry of several amino acids into 
citric acid cycle.
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Glu + NAD^  + HgO ^ NH/ + a-ketoglutarate + NADH + H^
_+(or NADP) Glutamatedehydrogenase (or NADPH)
NH3+ OI NH-C-COO C-COOI I
CH, CH,
CHg CH,
i ICOQ- COQ-
This reaction is catalysed by giutamate dehydrogenase (GDH). This enzyme has been 
shown to be activated by Zn [329]. The enzyme activity of GDH has also been reported to be 
quite high in mossy fibres [328]. Therefore the hippocampus being a region rich in glu, Zn and 
also having high activity of GDH enzyme, seems to be the optimum region of the brain for 
biosynthesis of serine which accounts for the high ievels of serine observed in the hippocampal 
region in this study.
Another interesting observation is the simultaneous occurrence of significantly (P < 0.01) 
higher level of Sr and possibly significantly (P < 0.1) lower level of histidine in stiiibirths’ 
cerebellum compared to social terminations. As suggested by Lai et ai [284], metals could also 
be associated with blood-brain barrier dysfunction. Therefore it could be suggested that Sr may 
have interfered with the transfer of histidine to cerebellum of the developing brain. Histidine is an 
essentiai amino acid and it is generally assumed that his is not synthesised in the central 
nervous system but is supplied from the plasma [330]. Amino acids are generaily activeiy 
transported in animai cells and specific transport proteins are involved [119]. The interfering 
effect of Sr on his transport is only a suggestion as this study is not sufficient to prove this 
concept. No other reported studies have been found on effect of Sr on amino acid transport. Sr 
has been reported to replace Ca [5,274] however none of the enzymes involved with histidine 
transport or metabolism were found to be reported to have Ca as part of their active group.
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The brain tissues of stillbirths were found to contain high levels of Pb compared to 
social terminations in the previous section (5.2) and low levels of Pb in the placenta in Chapter 4 
suggests that placenta represents a partial barrier to the passage of Pb from mother to the 
foetus, which has also been documented by others [243,263]. It has been shown that 
administration of Pb to pregnant women leads to a decrease in placental blood flow, on per 
embryo basis. However decreased blood flow has not shown to effect the uptake of a 
non-metabolised amino acid (a-aminobutyrate) and it is not apparent whether there is sufficient 
blood flow reduction to adversely affect the foetus [331]. Other heavy metals such as Hg and Cd 
have been investigated on their effects on placental function. It has been demonstrated that 
nutrient transport proteins are particularly sensitive to inhibition by HgClg. The invitro study of 
placenta has revealed that in the maternal-foetal slices, transport proteins for essential amino 
acids such as leu and isoleu are targets of heavy metal salt action [136]. Danielsson et al [239] 
have also shown that Cd may induce biochemical alteration in the placenta such as impaired 
transport of nutrients to the foetus, weil before other functional disturbances (eg placental blood 
flow) are discernable [332]. Samarawickrama et al [66] have also postulated that the teratogenic 
effect of Cd®^  may be related to the inhibition of DNA synthesis in the embryo. This occurs by 
blocking thymidine incorporation into embryonic DNA and also the placenta transfer of Zn**'^, the 
former may be a direct result of latter. Similar documentations were not found for Pb on 
placental function. However in this study Pb levels were high in the stillbirth brain tissues 
concurrently with low levels of essential amino acids such as phala and isoleu which may indicate 
that nutrient transport proteins may well have been inhibited by Pb.
In animal studies, a rise in concentration of cerebral amino acids and related 
compounds have been noted during foetal period. In rats this rise in concentration has been 
shown to continue until third posnatal day and was followed by a decrease for about two weeks. 
In guinea pigs a corresponding increase was confirmed at the end of the foetal period, the peak 
being reached on the sixty-third foetal day. The rise in the concentration of the functional amino 
acids of the brain, glu, GABA, glutamine and asp was thought to be associated with the 
functional development of the maturing brain [127,333]. Similarly high concentrations of cerebral 
ala, leu, gly, ser, proline (pro), val, isoleu, leu, tyr and phala have been found during the foetal
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and neonatal periods [127,324]. This phenomenon may be Involved in a rapid protein synthesis 
which has been shown to take place in the foetal and neonatal brain during rapid growth [127]. 
The decline of these amino acids after the first day of age may reflect that these amino acids 
form essential prenatal reserves for postnatal adaptation and depletion from the pool may be a 
result of their incorporation in protein synthesis or their transport out of the brain [324]. Therefore 
the lower levels of some of these brain amino acids that was noted in the stillbirths, may reflect a 
low prenatal reserve and hence their Iwravailability for incorporation into protein synthesis and 
metabolic pathways that normally take place in a healthy foetus.
in summary, stiiibirths had lower levels of amino acid stores especially ala, phala and 
isoleu in their brain tissue, each of which plays an important role in protein synthesis and 
metabolic processes during prenatal and postnatal life of a foetus. One of the factors that might 
have contributed to the low amino acid concentration of the brain, which was observed in this 
study was the presence of simultaneously high levels of Pb, a toxic heavy metal. Pb being 
partially accumulated In placenta could have influenced and inhibited the nutrient transport 
proteins responsible for essential amino acid transfer in the placenta. However this concept is in 
need of a further investigation and research. High ievels of Zn, glu and asp found in 
hippocampal regions of the total population in this study, confirms some of the previous reports 
and assumptions that there are associations between acidic amino acids and Zn and the 
hippocampal pathways. Higher levels of ser found in the hippocampus was also assumed to be 
due to high levels of Zn and glu in this region which play important roles In the synthesis of 
serine. A point that was raised by this study was whether significantly high Sr levels found in 
cerebellum his of the stillbirths had any effect on the fact that there was lower cerebellum levels 
in stillbirths compared to the controls. However no such relationship has been found in the 
reported literature and the association cannot be explained by this study.
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6. CONCLUSION AND FURTHER REMARKS
In this project, ICP-MS proved to be an accurate and precise multi-element technique, 
with detection limits as low as 0.6 ng mi ’ (scanning mode) for analysis of biological matrices 
such as hair, placenta and brain. Occurrence of interferin<^ ions in most cases could be 
predicted and corrected for accordingly. However, further developments of the instrument 
specifically in the area of sample introduction may even reduce the production of these 
interfersions. For instance, laser ablation, a method of solid sample introduction, will allow 
direct analysis of unprepared samples. This will avoid the interferences introduced by polyatomic 
ions produced in the instrument caused by the introduction of common mineral acids used for 
pre-analysis sample digestion.
Pre-column OPA-derivatisation techniques followed by reverse phase HPLC separation 
and fluorescent detection, similarly proved to be a sensitive and reproducible method of amino 
acid analysis of brain samples, with detection limits of 0.22 - 1.4 nmoles ml ’. However, using 
this method, analysis of each sample required at least half an hour for separation and ten 
minutes of stabilisation of the column prior to injection of another sample. Therefore, for analysis 
of large numbers of samples, further improvements need to be made on developing HPLC 
methods with higher speeds of analysis. It was also found that prior to analysis, two sequential 
extractions instead of just one, were necessary for complete withdrawal of amino acids from the 
brain tissues.
A range of elemental concentrations for Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, 
Sr, Cd, Sb, Ce and Pb were obtained for a selected population in the United Kingdom, using 
ICP-MS. Due to the low detection limits of ICP-MS, lower ranges of values were obtained 
compared to values quoted in the literature for elemental levels in human hair.
A number of factors were found to effect elemental content of hair. Variations were 
observed in the elemental content along the length of female hair samples, longitudinal and radial 
diffusion of elements were found to occur when the hair was In contact with ionic solutions and
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also significant differences were found in the concentration of some elements in males compared 
to females, which was attributed to the fact that the frequency and degree of hair treatments is 
generally more in females than males. Furthermore, after six months of mineral supplementation 
(18.6 mg IVIg, 31.0 mg Ca, 1.2 mg Or, 4.0 mg Mn and 7.5 mg Zn daily; the recommended daily 
intake of each element being 400 mg, 500 - 1000 mg, 50 - 200 pg, 2.5 - 5.0 mg and 15 - 20 mg 
respectively [334]) of six female subjects no significant differences were observed In the 
concentration of the supplemented elements; Mg, Ca, Or, Mn and Zn, In their scalp hair.
The usefulness of hair as an Indicator of bodily elemental status could not be 
established since it requires a comprehensive understanding of all the factors affecting the 
elemental content of hair. Only then, verification of results obtained from hair analysis, using 
another bodily tissue or fluid which Is representative of bodily status such as white or red blood 
cells could lead to firm conclusions about the reliability of hair as a diagnostic indicator. Some of 
these factors have been studied In this work, however many questions such as the effect of 
washing procedures during sample preparation need further investigation.
Significant differences were found in concentrations of elements between various 
sections of a placental disc. Due to the probability of Introducing contamination, homogenisation 
of the tissue was not employed. Therefore It was decided to sample the same specific site, the 
peripheral region, from all the placentas throughout the study and make comparisons with a study 
that employed a similar sampling procedure.
The analysis of placenta samples from the Soweto population, which consisted of a high 
percentage of mothers with low birthwelght neonates, demonstrated a highly significant correlation 
between birthwelght and gestational age and showed no statistically significant differences In 
placental elemental concentration of mothers who had given birth to male or female neonates 
irrespective of birthwelght and gestational age. A range of values were also obtained for 
concentrations of Mg, Al, K, Ca, Or, Mn, Fe, Co, Nl, Cu, Zn, As, Sr, Mo, Cd and Pb for human 
placenta using ICP-MS. Compared to literature data due to lower detection capability of ICP-MS, 
lower concentrations were detected and quoted.
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Elements such as K, Fe, Cu and As showed positive correlation with both medical 
parameters and Zn showed a positive correlation with gestational age. Low birthwelght cases 
(2220 - 2960 g) were found to have lower concentrations of Mg, Cu, Zn and As compared to 
high birthwelght cases (3000 - 4050 g). Statistically significant differences were obtained when 
the elemental levels of Soweto population were compared with a population in England 
(Barnsley). The differences were ibou^ Uto be related to the diet, socioeconomic status and 
smoking habits of the mothers, and the general atmosphere and the environmental pollution of 
the two communities.
Elemental analysis of foetal brain tissues of stillbirths revealed that their brain Pb levels 
were significantly higher compared to the control group (socially terminated neonates). This 
emphasises the hazardous effects of Pb and the fact that it can be one of the many causes of 
such an unsuccessful outcome of pregnancy. Variations were found in regional elemental levels 
of brain (hippocampus, cerebrum, cerebellum and basal ganglia), which were also different in the 
pattern In stillbirths compared to social terminations. Higher concentrations of Zn were found In 
the hippocampal region compared to the other areas of the brain, which has already been 
documented In the literature.
The amino acid analysis of the same brain samples from stillbirths and social 
terminations showed that stillbirths were lower In their total alanine, phenylalanine and Isoleucine 
concentration. Due to the co-existence of higher levels of Pb in stillbirths' brain tissues. It was 
suggested that this toxic heavy metal may have Influenced and inhibited the transport of these 
amino acids to the foetus. Brain regional analysis of amino acids revealed differences In the 
pattern of amino acid concentrations observed for stillbirths compared to the controls. However in 
the total population higher levels of glutamic acid, aspartic acid and serine were found in the 
hippocampal region. Comparison with the elemental content where Zn was also found at higher 
concentrations In the hippocampus, the assumptions made by other Investigators that there are 
associations between addic amino adds (glutamic add and aspartic acid) and Zn and 
hippocampal pathway was also confirmed In this study. The high levels of serine found In the 
hippocampal region was suggested to be due to the fact that Zn and glutamic acid being present
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at high concentrations give rise to more serine synthesis in this region, as they both play 
important roles in the synthetic pathway of serine. Higher levels of Sr and lower levels of 
histidine founds In the cerebellum of stillbirths raised speculations on whether Sr has an inhibitory 
effect on histidine uptake of foetal brain. This concept was not found to be investigated and 
documented in the literature.
Overall, there is a general lack of Information regarding the elemental and amino acid 
levels of human foetal brain In the literature. It Is therefore hoped that the results of this work 
has made a contribution to the scarcely available data on the elemental and amino acid 
concentrations of human foetal brain. More studies using different bodily organs of stillbirths is 
necessary to increase the knowledge on the Influence of elemental and free amino acid levels on 
this unsuccessful outcome of pregnancy. Further experiments on animalsalso required to 
illustrate the inhibitory effect of Pb on foetal uptake of amino acids and Sr on foetal uptake of 
histidine in particular, during pregnancy.
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ABBREVIATIONS
NAD"" - Oxidised form of nicotinamide-adenine dinucleotideNADP'*" - Oxidised form of nicotinamide-adenine dinucleotide phosphateATP - Adinose triphosphateRNA - Ribonucleic acidDNA - Deoxyribonucleic acidG ABA - y-AminobutyrateEDTA - Ethylenediaminetetraacetic acidAAS - Atomic absorption spectrometryFAAS - Flame atomic absorption spectrometryAES - Atomic emission spectrometryFAES - Flame atomic emission spectrometryNAA - Neutron activation analysisG FAAS - Graphite furnace atomic absorption spectrometryEAAS - Electrothermal atomic absorption spectrometryMS - Mass SpectrometryPIXE - Proton induced X-ray emmisionICP-AES - Inductively coupled plasma atomic emission spectrometryICP-MS - inductively coupled plasma mass spectrometrySAS - Solution absorption spectrometryXRF - X-ray fluorescence spectrometryCAT - Catalytic methodCEM - Channel electron multiplierMCA - Multi-channel analyserLOD - Limit of detectionPTFE - PolytetrafluoroethyleneSINR - Shanghai Institute of Nuclear ResearchNIST - National Institute of Standards and TechnologyIAEA - International Atomic Energy AgencyHPLC - High performance liquid chromatographyPTH - PhenylthiohydantoinOPA - o-PhthaldialdehydeMERC - 2-MercaptoethanolAsp - Aspartic acidGlu - Glutamic acidSer - SerineHis - HistidineAla - AlanineArg - ArginineTyr - TyrosineVal - ValineMet - MethionineIsoleu - IsoleucineLeu - LeucinePhala - PhenylalanineThr - ThreonineGly - GlycineLys - LysineHC - HippocampusCM - CerebrumCL - CerebellumBG - Basal GangliaNS - Not significantPS - Possibly significant, probability less than 0.10S - Significant, probability less than 0.05S* - Highly significant, probability less than 0.01S" - Very highly significant, probability less than 0.001
